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[, Foreworot

Through the Navy Centers of Excellence, the ONR ManTech mission has placed a critical focus
on the technologies, processes, and enabling manufacturing capabilities that provide direct
benefit to the warfighter. This endeavor has been orchestrated in a cooperative environment
with industry, academia, and the Navy warfare centers and laboratories. The Office of Naval
Research (ONR) Benchmarking and Best Practices Center of Excellence (B2PCOE), through
the stewardship of ACI Technologies, Inc. and in conjunction with Montana Tech of The
University of Montana (MTT), is an example of the collaboration that is possible in providing
valued information on affordable and implementable fuel cell technology.

As part of the mission of the ONR ManTech platform, the B2PCOE was created to facilitate
such projects through the sharing of best-in-class practices, processes, methodologies,
systems, and manufacturing technologies. The B2PCOE is an important conduit in advancing
manufacturing technology through public and private sector partnership, technological
innovation, technology transfer, and competitiveness, with the end objective of providing
affordability and performance for defense platforms and weapon systems. Pursuant to the
ONR ManTech platform mission, the data and information collected from the Manufacturing
Fuel Cell Manhattan Project will advance the status of the current and recommended best
practices for fuel cells. Subsequently, a foundation can be established for pursuing innovative
and cost effective methods of resolving the issue around affordability and implementation
into Naval and other DOD platforms.

During the first phase of the project (fall 2010), fuel cell manufacturing cost drivers and the
related manufacturing processes were identified for both polymer and ceramic fuel cell
systems. A follow-up session occurred in the spring of 2011 and developed a technology
roadmap. The focus of this undertaking is to articulate the current manufacturing gaps and
prioritize specific projects to address those gaps that decrease manufacturing costs and
improve the reliability for the commercial industry in areas applicable for the Navy and other
DOD applications.

As in other in-kind Manhattan Projects of this type, the selection of the Subject Matter
Experts (SMEs) was of paramount importance in lending credibility to the recommendations
derived from their findings. The result of gathering the top fuel cell manufacturing experts
provided a broad and detailed account of the issues associated with developing cost effective
fuel cell systems for the more stringent and performance driven warfighter platforms.
Despite the diverse range of fuel cell applications required by the Navy and other military
platforms, there are some manufacturing similarities where the opportunities for cost
reduction and improved performance could be utilized for the common benefit. This is not
always the case since many of the costs from the various manufacturing process are specific
to the application and its requirements. Even where application specific differences were
delineated, the process of outlining and defining the associated manufacturing steps proved
to be valuable in identifying and prioritizing the focus in reducing cost and increasing DOD
applicability for fuel cells.

Realistically, the future of fuel cells as a feasible power source within the DOD relies very
heavily on leveraging the advantages of broad based use within the commercial markets. The
current low volume and relatively high cost of producing fuel cells for commercial enterprises
makes the Navy objective of affordable fuel cells a difficult endeavor. Raw material costs,
special processing, and undefined quality control metrics all add to the challenges of creating
a fertile environment for expansive use of fuel cell technology. The research into advanced
manufacturing techniques and alternate materials, such as the ones being investigated by



Montana Tech University, will contribute to the understanding of the potential for efficient
and cost effective fuel cell systems. This document, which was produced by the collective
efforts of the SMEs, will communicate current industry best practices, but more importantly,
recommends manufacturing projects to advance fuel cell manufacturing.
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EXECUTIVE SUMMARY
Justification

Fuel cells offer certain tactical advantages for military applications in support of the
warfighter in areas of transport, communications, and reconnaissance. The potential for
reduced fuel and battery consumption, fewer supply convoys, reduced weight and volume for
the soldier, and quiet power make fuel cells a tactically attractive alternate to standard
generators.

A major disadvantage of fuel cells is the economics of implementing customized systems in
their present form due to the high cost of manufacturing, as well as questions on the
reliability of fuel cell systems in rugged military environments. To help understand how
manufacturing affects the cost of fuel cells, the ONR undertook a study to determine the
current manufacturing practices, identify gaps and issues preventing cost reduction, and to
recommend manufacturing solutions to reduce the cost of fuel cells. This objective was
achieved by commissioning a team of subject matter experts (SME) in the field of fuel cells.

The study focused in on the affordability and manufacturability of ceramic and polymer fuel
cell systems under 10 kilowatts, along with their complementary balance of plant (BoP) and
fuel processing (FP) subsystems. The specific power systems were selected as an area of
study because they offered the greatest manufacturing maturity, and are of interest to
several military services, including the Navy.

Methodology

The SMEs were asked to document those manufacturing processes that would affect cost
and not those factors where increase in volume would produce economies of scale. The
major cost drivers are covered in more detail in subsequent sections and form the foundation
for the selection of projects to reduce cost. These projects were down-selected as providing
the greatest benefit within a 3-year period.

The articulation of manufacturing processes incorporated:

e  Current manufacturing processes
e Gaps and issues in the current processes
e Recommendations to resolve the gaps

The specifics on the manufacturing processes are detailed in the subsequent chapters.

Sequential to the process documentation, the team of experts produced a series of project
proposals to address the cost issues. Certain assumptions were made to form a common
cost baseline.

Cost savings based on 5000 units per year

Standardized at 10 kW for each unit

Cost savings realized in three years or less

Manufacturing technology not “bleeding edge” - no major changes in infrastructure
Cost savings standardized in $/kW or in percentage of savings respective to the
specific manufacturing process



Technology Areas
The projects recommended by the SMEs fall under the four technology areas:

Polymer - can also be referred to as PEM (polymer electrolyte membrane)
Ceramic - also referred to as SOFC (solid oxide fuel cell)

Balance of Plant (BoP)

Fuel Processing (FP)

Each of the four technology areas were subdivided into areas that were used as the baseline
to assess the current best manufacturing practices. A detailed breakdown of the respective
nesting processes or taxonomy can be seen in the manufacturing chapters.

Manufacturing Areas

There are five manufacturing categories nested within the four major fuel cell technologies,
requiring manufacturing resolution to meet the cost reduction objective. A synopsis of the
issues provided the following observations.

Production - including automation and material processing

Many of the projects focused on improving methods of catalyst deposition, dispersion,
and efficiency primarily to reduce cost in the polymer manufacturing area, with one
project specific to improving automation in ceramic manufacturing.

Quality Control- in process and final product

Both the polymer and ceramic SMEs detail projects that correlate raw material
properties to component performance. Just as significant, is identifying what attributes
of component quality ultimately affects performance of the final fuel cell system. One
project on ceramic powder characterization is already underway at Montana Tech.

Hardware - availability and performance

Balance of plant as well as fuel processing cost is greatly affected by both hardware
availability and finding COTS (commercial off the shelf) parts that will meet the stringent
performance requirements needed for fuel cells. The projects that affect BoP could
potentially be the quickest path to reducing overall fuel cell costs.

Materials- new and improved

Materials have a large impact on cost, especially in the production of the MEA. The
polymer SMEs have advocated projects to address the efficiency of catalyst usage and
methods of deposition to help lower the costs of the most expensive material in MEA
processing. Other material projects that promoted cost reductions, called for
improvements to insulation for high temperature fuel cells, protective coatings on
ceramic substrates, and alternate bipolar plate materials.

Design

Manufacturing design projects are intended to address, at a high level, what design
features in the manufacturing of a fuel cell should be considered to meet the
performance requirements of the application. The current default position is to design
for all performance contingencies, which tends to escalate the price of fuel cells.
Additional quality addendums, known as “feature creep” that are commonly post
scripted into existing requirements, also add to costs if the feature is unnecessary.



Investment

The investment to implement all the recommended projects is about $76 M. Table II-1
breaks down the investment within each manufacturing area:

Manufacturing Area Cost Fuel Cell Technology

Production $10.2M Ceramic
$17.9M Polymer

Quality Control $0.4M BoP
$1.5M Ceramic
$2.4M Polymer

Hardware $6.0M BoP
$2.4M Ceramic

$9.3M FP
Materials $6.4M Ceramic
$5.3M Polymer

Design $5.4M BoP
$2.2M Ceramic
$ 6.4M Polymer

Table II-1: Cost breakdown by manufacturing area

A detailed breakdown of the project investments can be found in the project synopsis
(section 9.2) or in section Il Appendix A.

The return on investment can be illustrated in terms of the amount of units purchased at a
given power output (Table II-2). This table assumes an investment of $40 M in polymer
projects, and $30 M in ceramic projects.

Dollars Saved Dollars Saved Polymer Units Ceramic Units

System Output per Polymer per Ceramic Purchased Purchased
(kW) System System for ROI for ROI
05 $5,000 $9,400 8,000 3,200
5 $1,400 $6,500 21,000 4,600
10 $975 $6,000 41,000 5,000
100 $800 $5,800 50,000 5,200

Table 1I-2: Return on investment at each power level

Recommendations

The subject matter experts have provided a structured roadmap of how fuel cell cost can be
reduced substantially with the implementation of the projects detailed in this report. On
average, a 50 % savings can be realized with current sustainable volumes of 5000 units a
year leveraging the present technological infrastructure. Essentially, these savings are
independent of full scale commercial production.
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The recommendations are classified into two categories. The first category will focus on the
specific project implementations that address the core issues preventing cost effective fuel
cells. The second category will center on the organizational mechanisms that will be required
to manage, organize, and prioritize the enactment of these projects from the concept to
transition.

The government leadership and SMEs underwent a rigorous process to evaluate the
appropriate course of action as part of the roadmap to a successful global transition to fuel
cells. In keeping with the objectives of the MFCMP, the most important recommendations
that can be offered is to expand the existing DOD and industry alliance on fuel cells and to
give careful consideration to implement the projects proposed in this report.

Project Recommendations

Improve catalyst efficiency

Improve available BoP supply chain

Improve coatings and composites

Better definition for material and final product quality control

Base specifications on performance requirements

Transition to automated processes to improve reliability, quality, and reduce
manual costs

. Improve fuel processing

Recommended Organizational Mechanisms

To achieve cheaper fuel cells, it is critical that fuel cell manufacturing technologies have
continued leadership at DOD, JDMTP, OSD, DOE, DARPA, and other interagency levels. The
project mechanisms listed are just some of the potential opportunities to meet those
objectives, and are by no means exclusively restricted to the following recommendations.

e  Establish government-industry consortia to address over-arching issues
e  Support continued ONR efforts through the B2PCOE and MTT
e  Establish a new ONR Alternative Energy Center of Excellence
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1.

Introduction

The warfighter of today has become increasingly dependent on electronics to achieve
battle superiority. Their reliance on the production of electricity can range from small
batteries to large diesel generators. However, reliance on these forms of power
generation is becoming increasingly problematic. Use of batteries creates large and
expensive logistical footprints while diesel generators are noisy, maintenance intensive,
and consume large amounts of fossil fuels. Recent advances in fuel cells have made this
form of energy a potential source for the generation of electricity. No matter what the
weapons system, from the smallest hand held device to large naval platforms, the
potential advantages of a fuel cell for providing energy include: low acoustic and thermal
signatures, reduced maintenance, reduced weight, reduced volume, and environmentally
beneficial.

The advantages offered by fuel cells depend on their actual applications. For example,
when used as an auxiliary power unit (APU)/battery charger, they can provide electric
power in areas where it is not feasible or practical to rely on a generator. This facilitates
the use of rechargeable batteries and reduces the logistical footprint and life cycle costs.
When used to provide power to unmanned systems, mission times can be increased. If
used as a replacement for generators, they offer quiet, clean, low maintenance power.
Even in large ships, they are seen as a distributed power source, simplifying the overall
design and reducing the threat to a ship that sustains damage during combat.

However, before fuel cells can be widely utilized in military weapon systems and support
activities, there are challenges that must be overcome.

¢ Ability to use logistics fuels
* Reduced unit costs
¢ Increased reliability of current designs

The use of logistics fuels to support the “one fuel forward” philosophy is still a goal being
pursued. Considerable research and development resources are being applied to reform
JP8 in fuel cell systems. Based on current efforts, achievement of this goal remains for
future development and may not be practical or affordable, particularly in small man-
portable systems. There are non-JP8 fuel cell systems with a high technical readiness
level (TRL) that use packaged fuels (methanol and propane) that can potentially be used
in the near term, but these systems have high unit costs and low reliability due to a
relatively immature production base.

Although fuel cell technology has been around for many years, there has been no large-
scale commercial or military demand due to cost and reliability problems. Companies
that do produce fuel cells for the commercial market do so in a “custom, hand-made”
type of operation. Some of the high costs are offset by government sponsored research
and development (R&D) and tax incentives. For companies developing fuel cells for the
military market, only R&D prototypes have been delivered. Recent investments by DOD,
along with stated needs by several DOD program managers, have resulted in
advancements for smaller fuel cells, making them a viable power source in military
environments.

Although the basic technology has reached a relatively high TRL, the manufacturing
readiness level (MRL) still lags behind due to the general lack of accepted
manufacturing best practices. The lack of significant volume for fuel cell products has
hampered the industry’s ability to make capital investments in implementing



improvements and automation required to reduce unit prices and improve reliability. If
the military is to widely adopt fuel cells as an energy source, these investments are
required to further develop the manufacturing technology, process tools, and equipment
to allow for more efficient production of these systems.

The overarching goal of this effort is to establish a common baseline of fuel cell
manufacturing practices. This baseline is then compared to what is required to improve
reliability and cost. Finally, R&D efforts are proposed where gaps exist. The identification
of these fuel cell manufacturing best practices and the creation of a fuel cell technology
roadmap were accomplished through the project Phase | and Il efforts. The subsequent
dissemination of data through the efforts of the Benchmarking and Best Practices
Center of Excellence and others will allow R&D sponsors an insight into the
requirements for the inclusion of fuel cells into Navy and other DOD and federal systems.



2.

Obj ectives

It is important to note that this report elaborates on the manufacturing aspects of fuel
cell production, as opposed to espousing any specific technology platform or industry.
The assumption is that what is presently being manufactured by industry will eventually
be produced in suitable quantities to meet warfighter cost and performance. “Bleeding
edge technology” or “not ready for prime time” applications residing at the conceptual
stage were not benchmarked or addressed. There is also a realization that in some
cases the demarcation between technology and manufacturing is not well defined.
Provisionally, a more lenient approach was taken toward defining this division.

The objectives for this project are delineated as follows.
Identify the Major Manufacturing Cost Drivers

Precipitated by a lack of long-term capacity driven commitments, the current fuel
cell industry suffers from the same capital resource deficiency as any other
enterprise manufacturing a low volume and high mix of products. Understanding
this prerequisite allowed the industry SMEs to focus on areas of manufacturing,
where a combination of process efficiency, resourceful material usage, and the
elimination of unnecessary quality measures could be implemented to reduce cost.
The specific cost drivers are explained in greater detail in the body of the report

Identify Current Best Practices in Fuel Cell Manufacturing Technology

For polymer and ceramic systems, a key step is to identify the best practices of
today. The nature of business is such that certain technological and manufacturing
proprietorship exists to maintain a competitive edge in the commercial and military
markets. Recognizing the difficulty of obtaining explicit manufacturing information,
the extraction of the best practices was intended to concentrate more on the “what”
aspect of manufacturing, rather than on the largely proprietary “how” facet of
production. For example, attributes such as temperature, time, pressure, and
concentration were avoided and considered to be in the domain of the proprietor.
The industry was more willing to share the manufacturing steps from process to
process, which in most cases was specific enough to identify the underlying gaps
and issues associated with cost reduction.

Identify Manufacturing Technology Gaps and Projects where the DOD can Target
Investments to Meet the Objectives

Having ascertained the current and recommended best practices, the SMEs were
tasked to document the impediments preventing the implementation of the
recommended best practices. This is the precursor to the construction of a roadmap
that articulates specific proposals on how to address the gaps, the time needed for
transition, and the resources required for execution. There are certain actions that
are within the purview of industry that can affect cost and implementation. The
technological expertise to precipitate change lies within the fuel cell industry, while
the DOD and other government agencies can provide motivation for change by
investment and endorsement of effective and cost cutting technologies.

Identify Potential Best Practices in Fuel Cell Manufacturing

In some cases what was currently perceived as a manufacturing best practice was
also deemed as the foreseeable recommended best practice. In most cases, the
current manufacturing practice was lacking in cost or process efficiency and



industry recommendations were made to improve both elements. Care was given to
differentiate between what was the probable execution of a viable manufacturing
process given the appropriate resource, versus an undefined or embryonic process
still requiring large non-existent infrastructural changes to facilitate them. In some
cases, what was currently perceived as a best manufacturing practice was also
deemed as the foreseeable recommended best practice.



3.

Military Perspective on Fuel Cells

The military is currently non-committal regarding the technology and fuel source for fuel
cells providing the approach meets the required performance and safety parameters.
However, for those systems that are considered to be deployable, the desired fuel source
is JP-8 in accordance with the mandate of one fuel forward. For the smaller systems
below 500 watts, the emphasis is on a packaged fuel. Currently, propane and methanol
are the leading candidates. For those systems that are to be installed in fixed locations
(i.e., material handling equipment (MHE) or backup systems), such as military
installations in the United States, fuel sources such as direct hydrogen or natural gas
would be acceptable.

Another reason that the military is interested in fuel cells is that it is the only power
generation technology scalable to meet requirements. A fuel cell can be designed to be
easily carried by a warfighter or large enough to power a tent city (not that scale up is
trivial, but the basic technologies are the same). This allows for some economy of scale
in the overall production.

Fuel cells can offer significant advantages over traditional combustion engines (diesel
generators and gas turbines).

Increased power efficiencies

Better modularity and power integration
Lower hydrocarbon emissions

Lower audible noise

Lower thermal signatures

Reduced fuel consumption

No matter the application, fuel cells offer a highly efficient technology with the potential
to reduce the overall logistical footprint and dependence on fossil fuels.

3.1. NAVY PERSPECTIVE ON FUEL CELLS

The challenge related to fuel cells for Navy applications, especially in low acoustic and
thermal signature applications, is not only their ability to provide power, but to be cost
effective and endure the marine and littoral environments in which the Navy operates.
Cost, durability, size, weight, thermal, and water management are major barriers and
challenges to the commercialization of fuel cell technology in both commercial and
military applications.

To expand fuel cell usage in the Navy, fuel cells must use logistical fuels already in the
DOD supply chain (e.g., JP-8, JP-5, and F-76). The power ranges that are of current interest
to the Navy and Marine Corps for tactical applications are mobile power (1 kW to 100 kW)
and stationary power (>100 kW). These ranges and fuel choices narrow the fuel cell
technologies of interest to solid oxide fuel cells (SOFC) and to polymer electrolyte
membrane (PEM) fuel cells. Exceptions to the use of battlefield fuels can be made when
justified by exceptional performance, when nothing else can do the job (notably in the
areas of small battery chargers), and unmanned vehicles. For permanent installations and
facilities in secure or domestic locations, the fuel choices can expand to include natural
gas and even hydrogen. The feasible applications can also expand to include buildings for
combined heat and power (CHP), road and off-road vehicles, mobile auxiliary power,



materials handling, and backup power (power reliability). Indeed, any of the various civilian
applications for fuel cells, many of which are currently undergoing demonstration
programs, are candidates for adoption by the military. Justification for these applications
includes economic, environmental, logistic, energy security, and political reasons.

There are technical issues that must be solved in order to bring fuel cells to broad Navy
application, with fuel reforming the most prominent. Fuel reforming, cleanup, and
purification are key technologies for processing raw fuel into basic reactants that can be
consumed by the fuel cell. Sulfur and other reformate contaminant removal is a critical
technology to enable use of logistics fuels in fuel cells. Significant manufacturing and
acquisition costs can be lowered by reducing or eliminating the use of precious metal
catalysts (such as Pt) to reform fuels. Other manufacturing issues include development of
automated production lines to reduce manufacturing costs associated with manual
assembly lines. Increasing automation decreases product variation and reduces worker
error in the assembly process.

Matching the appropriate fuel cell technology with an application is a critical aspect of
power sources management. Fuel cells are part of the overall power system and are often
hybridized with power electronics and batteries for power conditioning in the electric grid.
Power management techniques for fuel cell power systems and hybrid power systems
must be modeled to develop fuel cell standards for applications with different power
ranges.

The Navy has shown a keen interest in the adoption of fuel cell technology as a
supplemental power source on electric ships. Increased energy efficiency is a key driver
to the utilization of fuel cells. A projected two-fold increase over conventional
hydrocarbon fuels can be realized without additional greenhouse pollutants (such as
nitrogen oxide) that are by-products of gas turbine and diesel engines. Endurance, size,
and power flexibility are also key attributes required for successful implementation into
naval power systems. In addition, modularized fuel cell power systems are well suited for
the distributed power systems sought for implementation of next generation integrated
power systems (NGIPS).

For a given power level, fuel cells require less airflow and have a lower exhaust
temperature. The smaller intake and exhaust ducting frees space for other ship systems.
Fuel cells can be dispersed throughout the ship instead of being co-located with the
ship’s shaft. Distributed power will reduce the need for a central ship power station and
improve the ship’s survivability, design flexibility, and energy efficiency.

The advantages of fuel cells over combustion engines (diesel generators and gas
turbines) are mostly the same in shipboard systems as in ground based platforms;
increased fuel efficiencies, modularity, lower hydrocarbon emissions, reduced audible
noise, and reduced thermal signatures.

While fuel cells have the potential for use in all-electric ships and unmanned vehicles,
there are a number of challenges remaining. These include high acquisition costs, high
maintenance costs (e.g., stack replacement), and the high cost of energy production.
Fuel cells cannot directly use logistics fuels. These fuels must be reformed to produce a
hydrogen rich fuel stream. The current state of reforming technology creates a time lag
of seconds for power load changes (the requirement is less than a tenth of a second)
and reduces the power density to less than that of combustion engines. Fuel cells also
take several minutes to start up and would not be considered feasible for replacing
emergency generators without the inclusion of a startup battery. The use of power



electronics conversion modules can assist the fuel cells to better interface with the
power distribution system.

Leading fuel cell experts indicate that these challenges are all solvable with technology
improvements to reformers, fuel cells, power electronics, balance of plant (BoP), and
manufacturing processes.

3.2. ARMY PERSPECTIVE ON FUEL CELLS

The ability of the United States military to decisively defeat its enemies is greatly due to
the ability of its warfighters to see first, react first, and strike first. This high degree of
lethality is heavily dependent on the electronics equipment and weapon systems at their
disposal. Electronics systems utilized by military personnel range from global positioning
systems, tactical radios, small robots, and small unmanned aerial vehicles (UAVs) to
larger systems, such as tracked vehicles, large UAVs, and satellite communications. The
dependence on electronics has increased immensely over the last 60 years. Figure 3-1
shows the WWII standard “walkie-talkie” which was powered by 4 “D” cell batteries. This
radio was the only portable electronic device used by a soldier, and not every soldier had
one. The picture on the right shows the typical soldier of today using batteries in his gun
sight, his squad radio, his global positioning system unit, his NightVision goggles, and
even his watch.

dy (right)

Figure 3-1: WW |l “walkie talkie” (left); Soldier of to

The logistical support provided to the warfighter has also dramatically changed. There
was a commonly accepted notion that an “iron mountain” of supplies can be built up to
support warfighters in combat operations. This includes a decidedly higher level of
stocks supplied to the rear echelon than in previous operations. All of these facilities and
equipment have one thing in common, the need for electrical energy. This need for
energy is climbing faster than can be efficiently provided to the user. Currently, the vast
majority of this energy comes from two sources, batteries and fossil fuel generators.
Although both of these sources of energy are well integrated into the warfighter's
operating procedures, they also represent a significant logistics burden during combat
with an associated high life-cycle cost.

Two conclusions can be drawn: the demands for power are increasing, and the logistical
footprint for providing this power is increasing. This is becoming an increasing concern in
recent conflicts where the movement of supplies throughout a combat area has
introduced vulnerabilities that require an increase in resources needed for protection.
Consequently, the military is looking at methods to reduce the logistical footprint of
energy while meeting the increased force capabilities. Fuel cells are emerging as a



technology with the potential to meet some of these increasing military energy
requirements.

Fuel cell power generation can be divided into five broad categories: soldier portable,
man-portable, mobile, weapon platforms, and stationary systems. The advantages for
each system are described below.

Soldier Portable Fuel Cell Systems

Soldier portable systems are carried by the individual warfighter. They typically weigh
less than approximately 12 pounds, and normally generate less than 100 watts of
power. They:

o Allow the warfighter to charge a battery while in motion

. Decrease the weight and volume of batteries required to complete a mission

. Decrease in weight as energy is produced (for both soldier and man-portable
systems)

Man-Portable Fuel Cell Systems

Man-portable systems are not dedicated to a specific soldier. They normally weigh less
than 36 pounds and generate between 100 and 500 watts of power.

e Are significantly quieter than a generator - a critical asset, especially for silent
watch operations

e Support the greater use of rechargeable batteries by pushing the battery
charging capability forward

e Reduce the overall logistics footprint (which increases capacity for other
equipment)
Allow for the use of packaged fuel
Provide an energy source greater than solar or wind powered alternatives

Mobile Fuel Cell Systems

Mobile systems can produce up to 20 kilowatts of power and are usually transported via
a trailer or mounted on a vehicle. They are typically used for rear echelon support.

Operate quieter

Size more easily to meet actual demand (e.g., load following)
Reduce maintenance

Reduce logistics footprint due to greater efficiencies

Weapon System Platforms (e.g., UAV, UGV)
Weapon Systems platforms offer hybrid power generation.

e Extend the run/mission time for a system without needing extra batteries.
(Especially in small robots and unmanned vehicles using a fuel
cell/rechargeable battery hybrid)

Reduce weight which allows increased weapons or sensor packages

Reduce maintenance

Allow distributive power

Simplify the design of “all electric” systems



Stationary Fuel Cell Systems
Stationary systems are not moveable under normal circumstances.

Can be renewable (e.g., waste to energy)

Provide distributed power generation

Are applicable off-grid

Use waste heat for higher efficiencies

Provide a cost effective solution where “spark spread” is favorable

The higher efficiency of fuel cells decrease the fuel needs which in turn reduces the
amount of combat resources needed to protect the supply lines during combat
operations. Fuel cells also have the potential for greater energy independence for the
warfighter, especially in remote locations.

3.3. AIR FORCE PERSPECTIVE ON FUEL CELLS

The Air Force need for fuel cells is focused primarily on providing logistic support for
warfighter efforts. Providing anything from portable energy for battlefield airman to the
incorporation of hybrid electric propulsion systems, portable power generation and
management is a key ingredient to obtain the balance between energy and power
densities. Micro air vehicles weighing less than 1 Ib. can be deployed using wearable
power ranging from 10 watts to 100 watts. Unmanned aircraft systems (UAS) can be
hand launched and weigh less than 20 Ibs. while logistically fueled UAS systems can
provide long-range ground or air launched capability with a platform weight of less than
150 Ibs. and increased payload capabilities.

Research into hybrid electrical propulsion systems have produced successful small
unmanned aerial system (SUAS) hand launched vehicles such as the Puma and Raven
that provide longer flight endurance and increased mission functionality. The key lessons
learned were that SUAS design and power systems should be integrated to maximize
endurance, reliability, and ruggedization. Reconnaissance, surveillance, and targeting
are important mission roles to support forward operating base security and stabilization
operations into remote airfields and villages. The Small Unmanned Renewable enerGy
long Endurance Vehicles (SURGE-V) program is developing a UAV smaller than 20
pounds for missions longer than four hours. Technical challenges for fuel cell systems in
these hand-launched UAVs are greater mission endurance, larger payloads, rapid start[]
up, and the compliance to MIL-STD-810 requirements for ruggedization. The operational
challenge is to use logistic fuels as a feedstock while providing a muted system
signature (thermal, acoustic, visual) to avoid detection. Environmental conditions (such
as high winds, wet and dusty surroundings) must be overcome as operations may
impose g-forces from drop or airlaunched maneuvers. Tube launched systems
necessitate an even greater endurance to high-g forces.

Reliability remains a concern since most mishaps occur during takeoff or landing.
Propulsion systems require increased endurance and run times for continuous operation
to minimize the number of takeoff and landing operations per tactical mission.
Currently, the limiting factor for propulsion systems is the short intervals between
maintenance (100 hours). If system maintenance intervals could be increased to 1000
hours, the added capital cost of an advanced propulsion system would be offset. With
less moving parts than combustion generators, fuel cells present an opportunity to
reduce these maintenance intervals.
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Portable Electronic Power Supply for Aero-medical Evacuations (PEPSAE) is another area
where fuel cells can make a significant impact. The current systems are too heavy (980
Ibs.), cause cabin congestion due to excessive cables, and have a high potential for
electric sparking. A lightweight, high-powered, portable fuel cell system such as the
PEPSAE would provide long duration continuous power for medical equipment, giving
critical patients superior care. The Air Force has engaged in other portable power
generation efforts. The battery renewable integrated tactical energy system (BRITES)
program was initiated to develop and integrate portable power generation, storage, and
distribution technology to support the dismounted airman. The objective was to produce
a warfighter utility comprising a 50 W fuel system with the capability of reducing current
battery weight from 35.5 Ibs. to 17.9 Ibs. for a standard 72-hour mission profile. The
tactical advantage of reducing the weight burden and increasing power flexibility is a
distinctive improvement for reducing physical stress and increasing maneuverability.

34. IMPACT OF MILITARY REQUIREMENTS ON FUEL CELL COST AND DESIGN

There are certain characteristics that the military desires in a fuel cell. Primarily, does it
provide a capability that does not exist today? Can it allow unmanned vehicles to loiter
for longer periods? Will it extend the range of an IED (improvised explosive device)
robot? Does it shorten supply lines as it applies to batteries? Is it a replacement for an
existing power source because it is lighter, smaller, and quieter? Does it make the
mission simpler? Will it provide improved life cycle costs?

As with many other items, the military desires to leverage advances in the commercial
marketplace to keep procurement cost minimized. For an emerging technology such as
fuel cells, this is also true, but due to military requirements that have no parallel in the
commercial world, dual use technology is not always possible. The ability to leverage fuel
cell technologies is dependent on the intricacies of the system. For large systems,
especially stationary systems, a fuel cell designed for operating in a manufacturing
facility or hospital will also work in a depot. Even trailer-mounted systems can have a
large amount of synergy between commercial and tactical environments. The biggest
difference is the extra design work required to ruggedize the commercial system for
tactical purposes.

As fuel cell systems become smaller (along the lines of the soldier wearable and man-
portable systems), the ability to use commercial systems and components begins to
diverge. This is largely due to the requirement that these systems must not only survive
abuse, but must also perform in a wide variety of environments, from high to low
temperatures and from jungles to mountaintops. In addition, it must meet these
requirements in a small, lightweight package.

Military systems must withstand extreme environmental exposures that that are not
required commercially. The requirement to make portable fuel cells smaller and lighter
is already a challenge, but is further complicated by this need for ruggedization. Even if a
small fuel cell system were commercially available, it would not meet the ruggedization
requirements imposed by the military. If it did, it would be an overdesign for the
commercial market and an unnecessary expense. With these systems, there is very little
“trade space” between system performance, ruggedization, and the need to perform
acceptably under all sets of conditions.
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Operating and storage: temperatures, altitude, and humidity levels
Shock and vibration exposures during shipment and use

Low noise levels and thermal signature

Electromagnetic interference (EMI) with other soldier equipment
Rain, dust, wind, and sand protection

Thermal shock

Water immersion, salt - fog

How does this impact costs? For the larger systems, the cost may be minimized through
partial ruggedization of the system enclosure (shock mounts, better filtration systems).
For the smaller systems, these costs can be significant. A major cost driver is the
military’s requirement for short start up times. The costs related to meeting military
requirements are also found in the balance of plant, where components in the
commercial market are either not available, extremely expensive, or when available,
must be modified to meet design criteria. Another major cost driver is reforming JPS8.

The end item application for a fuel cell dictates the precise design requirements. For
generator systems, weight and size is critical since they must be mobile and survive and
operate in tactical environments. The design constraints on the soldier or man-portable
systems are stringent. Size, weight, and the ability to withstand rough handling are very
critical. Such systems must be light enough to be carried by a single individual, be
simple to use and maintain, and survive under a wide range of conditions such as being
dropped, high and low temperatures, dust, humidity, and rain. Some of the unique
requirements that need to be considered are depicted in Table 3-1.

Application
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Corrosion Resistance from Maritime Environments X X

EMI X[ X | X | X | X X
Water Immersion X X X X

Shock and Drop X X X X X

Low Temperature X X X X X

Sand and Dust X | X | X X
Shipboard Safety X X X

High Vibration X X X
Use of Pure Oxygen X
Specialized Housing X

Table 3-1: Fuel cell requirements per application
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3.5. MILITARY FUEL CELLS ADAPTATIONS AND COMMERCIAL APPLICATIONS

Phase Il of the Manufacturing Fuel Cell Manhattan Project (MFCMP) included multiple
presentations by representatives of the user/developer community in an effort to
understand the impact of unique government requirements on the manufacturing
process, and hence cost and reliability goals. The MFCMP strategy is to extract and detail
the fuel cell manufacturing practices, identify the major costs, and recommend solutions
to resolve the high cost currently associated with manufacturing. The intent is to be as
application neutral as possible, while focusing efforts in improving manufacturing
efficiencies and addressing gaps within the fuel cell system infrastructure. Having said
that, nobody buys just a fuel cell stack. They buy a fuel cell system to meet a particular
application. In military platforms, most FC applications are very specific to the mission
requirements as delineated in the product specifications. Industry providers will often
customize their manufacturing processes to meet the product requirements, though
many of the components and production methods remain generic enough for a multiple
range of applications. The applications described in this section were generally agreed to
benefit from any improvements derived from this manufacturing study. A more detailed
review of the applications can be located in Appendix A.

There are nine fuel cell application areas of high interest to the DOD:

Unmanned Aerial Vehicles (UAVs)
Unmanned Undersea Vehicles

Tactical Vehicle auxiliary power units (APUs)
Aircraft APUs

Shipboard APUs

Material Handling Equipment

Distributed stationary Power

Emergency backup power

Portable soldier power

3.5.1. Unmanned Aerial Vehicles (UAVs)

Unmanned aerial vehicles were originally used by the military as remote-controlled
airplanes for anti-aircraft training of artillery men. More recently, special purpose
UAVs have become a valuable tool for intelligence, surveillance, and reconnaissance
missions including communication relays, air-to-land combat missions, and border
patrol monitors. Future uses include commercial and military applications for fire
surveillance, weather stations, traffic, construction, communications relays,
food/water rescue drops, and even mail/shipping.

Military UAVs typically fall into one of five functional categories:

e Target and decoy - providing ground and aerial gunnery a target that
simulates an enemy aircraft or missile

e Reconnaissance - providing battlefield intelligence

e Combat - providing attack capability for high-risk missions (see
Unmanned combat air vehicle)

e Logistics - UAVs specifically designed for cargo and supply chain
management

o Research and development - to further develop technologies for field
deployed UAV aircraft
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3.5.2. Unmanned Undersea Vehicles (UUVs)

The Unmanned Undersea Vehicles (UUV) program was created with the goal of
extending knowledge and control of the undersea battlespace through clandestine
off-board sensors. UUVs allow a ship or submarine to safely access denied areas
using revolutionary sensors and weapons. These areas may be denied based on
unacceptable risks such as extremely shallow water, very poor acoustic conditions,
or mined waters. UUVs provide unique capabilities and extend the "reach" of naval
platforms while reducing the risk to a nuclear powered submarine (SSN) and its
crew.

The first UUVs fielded on SSNs will support mine warfare. The Long-term Mine
Reconnaissance System (LMRS) will greatly improve submarine mine hunting
capabilities in the near future. Ultimately, a mission reconfigurable UUV will provide
more capabilities and lower risk to future SSNs, helping to maintain future undersea
dominance against any threat.

Contributing to SSN mission areas such as Mine Warfare (MIW) Intelligence,
Surveillance, Reconnaissance (ISR), and undersea environmental sensing and
mapping, future Navy UUV activities are envisioned to include:

Intelligence, Surveillance, Reconnaissance
Mine Countermeasures

Anti-Submarine Warfare

Inspection / Identification

Oceanography

Communication / Navigation Network Node
Payload Delivery

Information Operations

Time Critical Strike

3.5.3. Tactical Vehicle Auxiliary Power Units (APUs)

The need exists for improved non-primary electric power that will support military
ground vehicle engine-off operations. The means of generating this electricity must
offer better fuel efficiency and have lower thermal and acoustic signatures than
idling of the main engine. Current battery, alternator, and APU technology cannot
meet silent watch requirements. There is no technology in the Army inventory,
besides batteries, that can meet the acoustic sighature requirements of silent
watch. The Army has mandated use of JP8 fuel that has resulted in the elimination
of simpler APU prepackaged fuel options.

The Army’s approach to resolving this issue is to integrate the complex components
of reformation, energy storage, and fuel cell technologies. Through technology
programs that the ONR, ARL, TARDEC and others have initiated, fuel cells have
been designed and developed for military environments targeted to operate for
1000 hours. As a result, a never before designed JP8 reformer system and fuel cell
combined into a defined space, has produced a non-primary power for engine-off
operations.

There is a need for long term testing of fuel cells and reformer systems operating in
a complete integrated system. The balance of plant components, along with the
inefficiency of test data sharing amongst military organizations, renders tests and
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system builds as a major expense. In terms of reliability, manufacturing robust fuel
cell stacks and BoP support hardware to withstand the operational environment
requires acceptable performance in shock and vibration.

3.5.4. Aircraft Auxiliary Power Units (APUs)

The aircraft industry has historically powered all their auxiliary equipment using the
jet engines. Over time, with fuel costs rising, pressure from various countries to
reduce aircraft emissions, and the trend toward electrification of aircraft and airport
ground support equipment, an opportunity for high-efficiency clean fuel cells is
emerging. One major aircraft manufacturer is exploring a phased approach to fuel
cells onboard jet aircraft, beginning with hydrogen and PEM fuel cells for galley
power, incrementally expanding this to include other hotel loads, and eventually
reforming jet fuel onboard the aircraft to produce as much as 1 MW of hotel power.

Applications under consideration are rotorcraft, fixed wing aircraft, high altitude
long endurance aircraft, and airport infrastructure. Onboard applications could
include auxiliary power units, flight motive power, powered landing gear, galley
power, water production, back-up power, nose wheel power, and distributed power.
Airport ground applications under consideration include mobile refueling vehicles,
tugs, general maintenance equipment, back-up power, radios, portable generators,
portable lighting, de-icing, and sustained electrical power quality for airport
operations.

Opinions differ on the fuels to be used for these fuel cells. Hydrogen is preferred by
some, while reforming jet fuel is demanded by others. Some advocate for methanol,
metal hydrides, butane, or chemical hydrides. Areas of agreement center on the
need for affordability, high technology readiness levels, both PEM and SOFC
technologies, reliability, small size, and low weight - even more than in automotive
applications. There are also commonalities with other fuel cell applications. Ground
support equipment (GSE) shares aspects of material handling equipment (MHE)
applications such as forklifts. Power generation technologies for aircraft are similar
to those with stationary and back-up fuel cells. Finally, portable applications (e.g.,
lighting, radios, and portable generators) share commonalities with fuel cell
portable power.

Manufacturing issues associated with onboard aircraft and airport fuel cells include
membranes, catalyst layers, and reforming hydrocarbon fuels. Other balance of
plant issues include pumps, valves, blowers, sensors, fans, and power conditioning.
Success in fuel cell niche markets, such as forklifts and emergency back-up power,
will pave the way for future gains in the more demanding aircraft and airport
markets.

3.5.5. Shipboard APUs

The benefits of generating shipboard power from fuel cell based generators include
reduction in acquisition and life cycle costs (due to greater fuel efficiency) and
reduced maintenance costs. By basing the shipboard fuel cell generator on
commercially designed distributed power products, the development time can be
reduced, and considerable savings realized. There are operational benefits to
replacing engine-based generators with fuel cells. Ship survivability is enhanced due
to reduced acoustic and infrared emissions, and by distribution of numerous
smaller generators in multiple locations around the ship. Finally, fuel cells are
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modular by design. This enables flexibility in ship machinery layout and allows use
on multiple platforms with the same design.

Fuel cells provide low emissions and support all goals of the U.S. Navy green fleet
initiatives. Fuel cells have higher efficiencies and lower CO2 emissions. Since they
do not use a combustion process, they have greatly reduced NOx, CO, hydrocarbon,
and particulate emissions. The Secretary of the Navy recently announced plans for a
future green fleet running on nuclear power and biofuels. Biofuels do not include
sulfur, making them an enabler for fuel cells.

According to studies by the U.S. Navy and the U.S. Coast Guard, there is a significant
potential commercial market for shipboard fuel cells in the 500 kW to 1500 kW
range (approximately 3,000 units per year over the next 5 years). Fuel cells provide
emissions, noise, and efficiency benefits over existing commercial marine power
generation systems.

From preliminary design studies, polymer exchange membrane (PEM) fuel cells
(including high temperature PEM), and molten carbonate fuel cell (MCFC) types are
currently mature enough and have the potential for the high power levels required.
These types can provide from 35 % to 50 % energy efficiency. Slightly less mature
solid oxide fuel cells (SOFC) have the potential to provide up to 60 % fuel efficiency.

Fuel cell based power plants possess the potential of superior performance with
optimized fuel efficiency and environmental impact. The Office of Naval Research
(ONR) and the Naval Sea Systems Command (NAVSEA) are conducting advanced
technology development programs to develop and demonstrate fuel cell
components and electric power generators for surface ship applications. A principal
goal of the Navy’s Ship Service Fuel Cell (SSFC) Program is to demonstrate that
commercially developed fuel cell technology can utilize naval logistic fuels and
operate in a marine environment.

3.5.6. Material Handling Equipment (MHE)

Perhaps the most successful early market for fuel cells is MHE, particularly forklifts.
Battery powered forklifts, while critical for indoor warehousing applications, have a
number of drawbacks. These include:

e The need to have three batteries for every lift truck; one in the forklift, one
being charged, and one cooling after charging

e The need to have a battery charging room which contains hazardous
materials and takes up significant square footage in a warehouse

e Noticeable degradation of power toward the end of a shift as the battery
charge depletes

Hydrogen PEM fuel cells have demonstrated that they can compete with batteries
for MHE applications on a life cycle cost and performance basis. The key elements
for an ideal business case are:

Multi-shift operations within the warehouse

A minimum of 25 or more lift trucks in use at the site

Utilization of existing hydrogen and fuel cell tax credits

‘Greenfield’ sites where dual infrastructure (battery and hydrogen) can be
avoided
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From a performance standpoint, productivity gains of as much as 20 % have been
observed in high tempo operations due to the steady power a fuel cell provides
throughout the shift, as well as faster refueling times (2-3 minutes compared to 15[
30 minutes to swap out a battery).

In summary, PEM fuel cells have found a near term niche market in material
handling equipment. Continued success in these fuel cell early markets will, in turn,
lead to more manufacturing improvements that can translate to fielding major PEM
applications, such as light duty vehicles.

3.5.7. Distributed Stationary Power

Fuel cell power plants produce electricity and useful thermal energy at high
efficiency, in some cases approaching 80 %, with minimal emissions of SOx and
NOx. The thermal energy can be used for heating purposes, or when combined with
an adsorption chiller, can be used to cool a facility. In addition, they can also be
designed to operate either connected or independent of the local electric grid.
Therefore, they can simultaneously replace the electric grid, heating and cooling
systems, and emergency generators in many building applications.

The U.S. Army Corps of Engineers Construction Engineering Research Laboratory
(CERL) continues to successfully test stationary fuel cell power plants in a variety of
applications at military bases around the U.S. Applications include base housing,
emergency shelters, hospital training schools, and housing.

Several commercial deployments are beginning to emerge which capitalize on fuel
cell's unique benefits (i.e., the ability to operate independently of the electric grid
and the ability to provide thermal energy for either heating or cooling), and have
direct military applications.

One example is the fuel cells installed at the First National Bank of Omaha,
Nebraska. Serving almost 7 million customers nationwide, First National recognized
that the electric grid would be unable to provide the power reliability that the data
center requires. During one particular grid outage, the backup generators failed to
start and the timely processing of several million dollars of credit card transactions
for a major U.S. retailer became problematic. The bank estimates that one hour of
downtime is valued at $2-5 million. In order to prevent this in the future, the bank
installed four 200 kW fuel cells plus rotary UPS systems to provide assured power.
The fuel cells were installed in semi hardened underground rooms with cooling
towers and limited access for further protection. More details can be found in the
DOE/EE report “Case Study: Fuel Cells Increase Reliability at First National Bank of
Omaha Technology Center.” [1]

3.5.8. Emergency Backup Power

A recent Battelle study identified backup fuel cells were cost competitive with diesel
generators on a life cycle cost basis. Fuel cells can provide up to 72 hours of
emergency backup power continuous runtime. Anything less than 8 hours can
usually be provided by a battery-based uninterruptable power supply (UPS). Run
times over 72 hours require too many bottles of hydrogen (for a hydrogen PEM fuel
cell system) and are best provided by a diesel generator. Fortunately, this 8-hour to
72-hour range is frequently the requirement, particularly in the wireless telecom
industry. Fuel cell backup power has proven to be highly reliable with lower life cycle
costs and has been employed in both government and commercial applications.
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DOE ARRA awards to both Sprint and AT&T have led to hundreds of deployments
across cell tower sites throughout the US.

Within the DOD, the CERL in partnership with DOE has overseen backup power
installations in several locations, including the New Mexico National Guard, Fort
Jackson (SC), Aberdeen Proving Ground (MD), Fort Hood (TX), Picatinny Arsenal (NJ),
West Point (NY), NASA Ames (CA), 29 Palms USMC (CA), Ohio National Guard, Fort
Bragg (NC), and Cheyenne AFB (CO).

Other successful DOD deployments include the Los Alamitos Joint Forces Training
Base (CA) and the Marine Corps Logistics Base (Barstow, CA). In each of these
cases, a cost share was provided to help offset the added capital costs associated
with fuel cells (compared to diesel generators). Additionally, the high emissions
associated with diesel generators have caused some jurisdictions (e.g., South Coast
Air Quality Management District, CA) to limit their use by mandating higher
permitting fees for their continued operation. Fuel cells are also more efficient in
that they are load following, as opposed to diesel generators that run at rated
capacity even if the load is much less.

Army CERL has collected reliability information on the backup fuel cell deployments
they have overseen and has also provided lessons learned from the fuel cell backup
power deployments they have witnessed. CERL has highlighted the need to:

Improve lifespan/reliability

Increase users knowledge

Standardize installation requirements

Incorporate power purchase agreements and lease options

Utilize the federal investment tax credit through 3rd party ownership of the
fuel cell

. Reduce overall costs

3.5.9. Portable soldier power

(See 3.2. Army perspective on fuel cells)
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Fuel cell Manufacturing overview

4.1, TECHNOLOGY

Fuel cells produce electricity through electrochemical reactions similar to a battery. They
have an anode, a cathode, and an electrolyte, but unlike a battery, they will run for as
long as fuel is supplied and maintain a consistent output voltage over time. Fuel cells
are not like generators, which produce electricity by rotating metals in a magnetic field,
they do not burn fuels like internal combustion engines, and they have a much lower
noise signature than typical generators. Instead, fuel cells use electrochemical methods
to harness the electrical energy released in a controlled chemical reaction and are much
more efficient than internal combustion engines producing heat and water as by-
products. There are several types of fuel cells and they are typically classified by their
electrolyte material.

PEM (polymer electrolyte membrane or proton exchange membrane) and ceramic based
SOFC (solid oxide fuel cells) are believed to have the greatest promise for a breadth of
DOD missions while also finding dual use that will facilitate the scale necessary to
achieve reduced manufacturing costs. Consequently, this document focuses on various
PEM and SOFC architectures. In both types of fuel cells, fuel (usually in the form of
hydrogen) is typically introduced at the anode. The anode facilitates a chemical reaction
by using a catalyst on the surface or by running at high temperatures. Electrons are
stripped from the hydrogen at the anode and moved from the anode into the conductive
internal wiring system of the fuel cell, producing electricity. This process creates a direct
current (DC) similar to a battery. A converter must be used to provide alternating current
(AC). The hydrogen without its electron (called a proton) moves through the electrolyte to
the cathode where it combines with oxygen (usually from air supplied to the cathode)
and the externally supplied electron to form water. Every fuel cell uses fuel and contains
a cathode, anode, and electrolyte. The various types of fuel cells are differentiated by the
type of electrolyte, the fuel, the chemical reactions, the operating temperatures, and the
catalysts used.

The efficiency of a fuel cell is determined from the amount of power drawn from it,
meaning the more current drawn from the cell results in a lower efficiency. The percent
efficiency represent the amount of energy that will be produced from hydrogen, the
remaining percentage is the amount of heat that will be produced. A simple calculation
can be done to determine the efficiency of a cell. It is: the voltage output of the cell
divided by 1.48 volts. This calculation is based on the enthalpy or heating value of the
reaction. A typical range of efficiency for a correctly functioning PEM cell is 40-50%,
while SOFCs can achieve efficiencies of 65% or greater. Fuel cells can operate at a much
higher efficiency compared to Carnot cycle engines due to the difference between the
reaction types, as in, a fuel cell functions based on direct electrochemical reactions
producing Direct Current (DC) as opposed to combustion reactions. Other factors that
can influence efficiency are electrolyte and fuel cell geometry. The electrolyte material
must be specifically designed to allow only the passage of protons and not electrons.
The geometry of the cell must allow for sufficient surface area of the anode and cathode
to facilitate the necessary reactions.

4.2, ORGANIZATION OF THE MANUFACTURING SECTION

The scope of fuel cell manufacturing includes an expansive mosaic of various
technologies and applications. Manufacturing processes overlap in many cases, while in
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some areas additional core competencies are required to meet production
specifications. In the case of this study, the manufacturing taxonomy is organized into
polymer and ceramic based fuel cells, which comprise most of the manufacturing ready
technologies currently in use. The ranges of technologies within those two categories
were still too extensive for this endeavor, and were narrowed down to focus on power
ranges of less than 10 kW (Figure 4-1). Below is a representation of where certain
applications would be positioned within the power ranges of interest.

Soldier Power
Unmanned UAV
Emergency Power
Tactical Vehicle APUs
Material Handling
Aircraft APUs
Shipboard APUs
Distributed Stationary Power
1 10 100 1000 10,000 100,000 1,000,000

System Power (Watts)

Manhattan Project in Fuel Cell Manufacturing Scope: 1 W - 10 kW
Navy Stationary and Shipboard Power: >10 kW

Figure 4-1: Power versus application

Since this is a study of current and best manufacturing practices, the amount of data
accessible at the lower power ranges presented a greater availability of comparative
practices. Large stationary and non-tactical systems were given secondary consideration
to fuel cells that had a current or more immediate potential for military applications. In
the light of this selection process, many manufacturing technologies that can be
referenced in other DOE and DOD studies were excluded from the body of this report, but
as with many fuel manufacturing processes, there is synergy to a wide range of power
and applications.

The manufacturing sections for the polymer fuel cells were partitioned into generalized
areas covering: membrane electrode assembly (MEA), balance of stack (stack minus
MEA), and balance of plant. The ceramic fuel cell manufacturing sections were divided
into planar, tubular, and balance of plant. Within each of these general areas,
manufacturing processes were detailed accordingly to provide an outline of the specific
steps associated with the manufacturing of the individual components that comprise the
working fuel cell.

After further diagnosis of the cost drivers and manufacturing processes associated with
both polymer and ceramic fuel cells, the taxonomy was modified to combine the BoP
manufacturing process as a first tier study. Additionally, since fuels are a prerequisite
and a substantial cost differentiator to the manufacturer of any fuel cell, fuel processing
was added as a separate additional area of investigation. Figure 4-2 shows the modified
organizational structure.
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Manufacturing Fuel Cell Manhattan Project
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Figure 4-2: Modified manufacturing sections

Each respective subsection of the taxonomy chart is in essence a manufacturing process
area that is delineated in detail in the subsequent chapters. In simplified terms, the
manufacturing chapters set the direction for the ensuing project proposals that address
the deficiencies found in current fuel cell manufacturing. The organization of the
manufacturing processes is arranged in the following manner.

e  Current Best Practices - defined as the most contemporary manufacturing
process used for the particular process area

e  Gaps and Issues - Articulates the most pressing problems in advancing fuel cell
manufacturing efficiency and cost reduction

e Recommended Best Practices - Addresses the gaps derived from the current
manufacturing practices and proposed solutions to meet the cost reduction
and efficiency objectives. This section essentially outlines the projects that are
defined in more detail in the second section of this report.

The Fuel Cell Projects

The projects are organized to extract the basic information to address the gaps and
issues found in fuel cell manufacturing. A comprehensive list of gaps and project details
can be located in Appendix A. The write-up of each project includes the following
information:

Project Description
Problem Solved

Benefits Derived
Resources Needed

Time to Project Completion
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FUEL CELL SYSTEMS COST OVERVIEW
4.3.1. Polymer Fuel Cell Cost Drivers
Membrane Electrode Assembly (MEA) Cost Drivers

The primary cost drivers identified for the manufacturing process producing polymer
fuel cells are focused in two areas, the MEA and the Balance of Stack.

The MEA, which comprise the power generating components of the fuel cell, are
divided into the following areas:

e  Catalyst - which comprises about 30 % of the manufacturing process
costs. Though the cost of the Pt catalyst itself is not controlled by the
manufacturer, the uniformity and the efficiency of the deposit has been
identified as a major contributing factor.

e Gas Diffusion Layer - has been acknowledged as the second major cost
driver in the MEA assembly at about 15 % of the process costs. The GDL
acts as gas diffusion medium to provide uniform gas access to catalyst
sites and is usually comprised of either a woven or non-woven polymer or
paper that removes excessive water keeping the PEM conductive. It also
serves to protect the catalyst layer.

e Membrane - accounts for 8% of the manufacturing costs. The uniformity
of the membrane can drive the efficiency of catalytic process.

e MEA Frame - comprises seals and gaskets that account for 8 % of the
cost.

e  Catalyst Application - can occur by coating onto the GDL, or decaled to the
membrane using release films and lamination methods. Release films can
account for up to 3% of processing costs.

Balance of Stack Cost Drivers

BOS constitutes the Bipolar Plate (BP), which surrounds the MEA stack, and for
polymer systems is processed accordingly as either a low temperature or high
temperature component. The BP comprise about 25% of the total cost of the stack
for LTPEM fuel cells with values as high as 35% for HTPEM fuel cells. The individual
manufacturing process for Balance of Stack includes:

. Bipolar plate - 25 %
e Endplates, hardware, stack sealing, and packaging together comprising
12 % of the total stack cost

The composite cost excluding labor and BoP for each area of the polymer fuel cell
stack is shown in Figure 4-3.
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Figure 4-3: Cost drivers for polymer fuel cell stacks

Ceramic Cost Drivers

Planar Fuel Cells

Ceramic fuel cells are divided into planar and tubular types with the cost drivers
varying somewhat as a function of the power output, especially with tubular
systems. The Cold Zone components are typically considered BoP functions and are
covered in subsequent discussions. The Hot Zone components are ostensibly the
core of the ceramic fuel cells and the focus of the subsequent cost topics. The major
costs associated with planar systems are

Planar Cells - compose 40 % of the cost of the fuel cell and can be
considered the equivalent function of an MEA in polymer systems.
Separator Plates - account for 23 % of the Planar fuel cell costs and
generally composed of an inert plate or a conductive ferrous material that
separates the planar cells.

Seals - comprises 15 % of the planar fuel cell costs and functions to
separate the air and fuel mixtures as well as a bonding agent for the
components.

Manifolds - account for 7% of the fuel cell costs; they serve to feed fuel
and oxidant gases and remove unreacted and product gases to and from
the fuel cell stack.

Compression means - account for 7% of the fuel cell costs; they consist of
clamps, bars, rods and fasteners to hold the stack together. They are
made from high temperature refractory metal alloys

Contact layers - consists of 5 % of the fuel cell costs; There are two
contact layers that electrically connect cells to the separator plate,
including gas flow channels or fields.
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Terminal Conductor (End) Plates - consist of 3% of the remaining costs of
the planar cells. These connect the planar fuel cell stack to the power
conditioning electronics of the fuel cell system.

The composite cost excluding BoP for each area of planar ceramic fuel cells is
shown in Figure 4-4.
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Figure 4-4: Cost drivers for planar ceramic fuel cells

Tubular Fuel Cells

Tubular fuel cells are advantageous in small systems for tactical purposes because
of the small territorial footprint in relation to the power output. The percentage of
cost each manufacturing area contributes to the tubular fuel cell cost changes
according to the power output (Figure 4-5). For the purpose of this document, the
cost drivers are separated into systems of less and greater than 500 watts, though
the individual components remain virtually the same. Again, focusing on the hot
zone the major cost drivers are:

Tubular Cell - since it is the active electrochemical mechanism, the larger
cells will appropriate a greater share of the cost at about 27%.
Recuperator - recovers the heat from the exchangers and accounts for
26 % of the cost.

Current Collectors - employs metallic current collectors to distribute
electrical current along the length of the fuel cell tube. It is presently being
hand wound. It averages about 20 % of the cost.

Insulation - Typical ceramic fuel cells operate between 800 and 1000 °C
and require specialized insulation. The cost can vary depending on the
power output. The cost averages at about 15 %.

Burner, mechanical enclosure, seals, reforming, and manifold - make up
the remainder of the ceramic cost drivers at about 10%.
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Figure 4-5: Cost drivers for tubular ceramic fuel cells

4.3.3. BoP Cost Drivers

Representative generic fuel cell systems were evaluated to determine cost drivers.
Although a multiplicity of fuel cells sizes are currently being designed and
manufactured, it was determined that a higher (2 kW to 10 k) and lower (<2 kW)
power system could be generically extrapolated from this arbitrary division in power
ranges. Additionally, these power ranges were further broken down into hydrogen
based systems, reformed fuel systems, high temperature polymer, and direct fueled
(DMFC) systems. The cost of drivers of the polymer fuel cell stack and the BoP
components are shown in Table 4-1.

Division of Costs in Polymer Fuel Cell Systems

Range
Cost Component Low High Average
Stack 17% 43% 30%
Reactant Management 19% 41% 30%
Power Management 11% 20% 15%
Mechanicals/Packaging 6% 15% 11%
Controls/Software 7% 20% 9%
Thermal Management 5% 6% 6%

Table 4-1: Polymer fuel cell stack and the BoP cost drivers

BoP components include pumps, blowers, filters, sensors, seals, fluid handling,
electronics, and thermal management. These components account for as little as
50% of the total system cost, to as much as 80% depending on application and
power range. Lower power systems tend to have a higher (relative to the fuel cell)
cost component associated in the BoP than larger power systems.

The BoP components are broken down into the five major areas. Proper design,
selection, and integration of BoP components are a key factor in the performance,
lifetime, and cost of the power generation system.

The Power Management subsystem consists of internal power conditioning, external
power conditioning, electronics thermal management, capacitance, hybridization,
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and EMI protection measures. The Reactant Management subsystem contains fuel
processing (if needed), fuel and oxidant delivery, and water management. In the
Thermal Management subsystem are cooling and heating equipment, and well as
heat dissipation devices. The Controls subsystem contains active and passive
control and monitoring equipment. Finally, the Mechanical and Packaging of the
system is treated as another BoP component, providing structure, mounting, and
protection.

For the sake of analysis, representative power ranges for fuel cell systems were
evaluated for cost drivers, broken first into less than 500 W, then 500 W to 10 kW,
and finally, systems ranging from 10 kW to 250 kW. Although other power ranges
of fuel cell systems are currently being designed and manufactured, it was
determined that these power ranges are representative of DOD needs and could be
generically extrapolated from this arbitrary division in power ranges.

From the division of costs in these systems BoP components, the Reactant
Management subsystem is a substantial cost driver, followed by power
management, controls, packaging, and finally thermal management.

Reactant Management subsystem, further delineations were made to focus on
specific cost drivers, including fuel delivery, oxidant delivery, and anode rel[]
circulation equipment.

The second highest cost component was the Power Management subsystem which
was broken down into hybridization, internal power conditioning, external power
conditioning, electronics thermal management, capacitance, and finally EMI
protection.

The Controls component of the BoP was not identified as a significant area for focus
in the manufacturability cost reduction effort, with the exception of integrations of
controls and software for elimination of mechanical equipment in the system.

Mechanical and Packaging accounted for the next highest portion of BoP costs.
Although this area is mature from a design perspective, some focus is spent on
hardening aspects for passing military acceptance testing, such as MIL-STD-810.

The last identified component of the BoP is the Thermal Management subsystem.
Although not a significant cost driver, it was determined that modest investments to
advance the design and integration of heat exchangers could result in significant
system advantages. Figure 4-6 details the major BoP cost drivers.
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4.4, FRAMEWORK FOR THE SELECTION OF PROJECTS

The following sections will layout the methodology used to meet the cost reduction
objectives. As was stated in the methodology section of the executive summary, certain
assumptions were agreed upon to formulate the project selection process. They are
delineated as follows.

Cost savings based on 5000 units per year

Each unit was standardized at 10 kW

Cost savings realized in three years or less

Manufacturing technology not “bleeding edge” - no major changes in
infrastructure

e  Cost savings were standardized in $/kW or in percentage of savings respective
to the specific manufacturing process

4.4.1. PEM Membrane Electrode Assembly (MEA)

The approach taken for the PEM study to quantify the stack cost reduction
opportunity was to determine (a) where are we today in terms of stack cost (in
$/kW), and (b) where do we think we can get to by 2015. The difference represents
the cost gap to be addressed by the group. The group agreed to model a 10 kW
stationary stack and to set the 2015 stack cost target at ~$500/kW. The 10 kW
stack model is representative of current commercial stack deliveries. Volumes were
considered to be equivalent to low rate production runs (e.g. 10,000 stacks/year). A
realistic total platinum loading of 0.5 mg/cm2was assumed.

A current state-of-the-art stack costs about $800/kW. Table 4-2 shows that the MEA
cost of $510/kW is the primary cost driver and can be further reduced to
~$240/kW. To simplify the cost analysis, the MEA was assigned baseline and target
costs for each component.



27

ompone Material Cost | Yield | Total Cost | Material Cost | Yield | Total Cost 0 ap

Membrane $28 61% $46 $14 82% $17 $29
GDL $55 60% $92 $28 80% $35 $57
Catalyst Layer $126 60% $210 $126 80% $157 $53
MEA Frame $45 100% $45 $25 100% $25 $20
Decal Transfer Film $12 75% $16 $0 $0 $16
Ink Mixing Labor $1.5 $1.0 $0.5
Coating Labor $9 $6 $3

Decal Transfer Labor $20 $0 $20
MEA Assembly Labor $70 $1 $69
Total $510 $243 $267

Table 4-2: Cost analysis of the MEA
Methodology for the Down-Selection of Project Proposals

In the first workshop, the MEA group identified cost reduction opportunities and
methods to address known gaps. The team took the many ideas generated and
grouped them into common categories. From this grouping, three main categories
were identified.

° Improving catalyst utilization
e  GDL cost reduction
e Quality tools and transfer function development

The next step was to generate actionable projects for each category. For the GDL,
the actionable cost reduction projects identified were (a) the development of
continuous ink mixing systems, and (b) development of paper GDLs for high
temperature PEM application. Finally, a Pugh matrix was used to prioritize the
projects and assign owners (See Supplemental Information Appendix B).

Detailed Cost Reduction Analysis
Membrane

The membrane cost reduction of ~$29/kW is achieved with a material price
reduction from $28/kW to $14/kW along with a manufacturing yield improvement
from 60% to 80%.

GDL

The GDL cost reduction of ~$57/kW is achieved with a material price reduction
from $55/kW to $28/kW (representing a target cost of $14/kW each for the anode
and cathode), in addition to a MEA manufacturing yield improvement from 60% to
80%.
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The target cost of the GDL is on track to be achieved in fiscal year 2011 as a result
of projects funded by the Department of Energy.

The MEA team agreed in this workshop that a significant cost reduction of up to
40% could be achieved for high temperature PEM by developing a paper GDL to
replace the incumbent fabric GDL.

Catalyst Layer

The catalyst layer cost reduction of $52/kW is achieved by a MEA manufacturing
yield improvement from 60% to 80%.

Two other projects are proposed to address catalyst layer cost reduction through
development of designs that lower platinum loading. These projects reduce costs
beyond the identified $267/kW gap, and they are targeted at MEA design and not
necessarily MEA manufacturing, but they are included here as follows:

o Development of gas diffusion electrode designs with total platinum
loadings at or below 0.15 mg/cm?2

. Development of GDEs having platinum gradients in the X-Y plane that take
advantage of hydrogen-rich inlets and hydrogen-depleted outlets

By understanding the direction and needs of advanced designs and design ideas,
manufacturing engineers can down-select corresponding enabling technologies for
next-generation manufacturing lines.

Elimination of Decal Transfer Processes

Eliminating the need to decal transfer catalyst layers from release films by directly
coating catalyst layers to the membrane or GDLs would represent a total cost
reduction of $36/kW. This is further broken down into cost reductions of $20/kW in
labor and $16/kW in release film material.

Automation of MEA and Stack Assembly Processes

Automating MEA assembly processes will reduce cost by up to $69/kW. It is
understood that justification for capital expenditures on automated assembly
equipment would be driven by volume and demand.

In preparation for high volume manufacturing, there is a need to understand and
eliminate the technological barriers for continuous roll-good manufacturing and
automated assembly. A project is proposed to evaluate technologies and concepts
needed to develop roll-to-roll processes and to scale up and automate MEA and
stack assembly processes. This includes development of robust leak testing
methods for plates, MEA seals, and finished stack assemblies.

Manufacturing Trade-Off Analysis

A proposal to reduce costs by performing a manufacturing trade-off analysis
between incoming supplied materials versus the resulting manufactured product
would be accomplished by:

e Determining critical product parameters and assighing validated
measurable tolerances
e Developing the necessary measurement tools



29

. Using physics and design of experiments, develop transfer functions that
relate to critical product, raw material, and process parameters to process
and product performance

. Developing non-contact, non-destructive, in-process inspection and
characterization techniques

. Facilitating company-to-company information and knowledge exchange to
reduce development times

The benefits of this project would be improved manufacturing yields and lower
material costs for MEAs.

442, Ceramic

The gaps for SOFC manufacturing were consolidated to 12 major gap or project
titles and subsequently ranked for significance in a Pugh Matrix. The group decided
on eight criteria and weighting factors to rank the significance of the project:

1. Cost savings: What effect does the project have on reducing the SOFC
manufacturing cost?

2. Reliability improvement: Does the project improve reliability or lifetime of
the SOFC?

3. Capital Expenditures (CAPEX): What capital expenditures does the project
call for?

4. Production scalability: Does the project lend itself to high-volume
manufacturing by being able to scale up the process?

5. Improved throughput: Will the project improve the speed of
manufacturing?

6. Low risk (performance and timing): Is the project low risk with respect to
affecting SOFC performance?

7. Applicability to both tubular and planar: Does the project apply to both
design geometries?

8. Applicability to all power ranges: Does the project apply to all ranges of
SOFC system power output?

Each project was graded on how it meets a given criterion: 1 = positive rating; 0 =
no effect; or -1 = negative rating. The criteria weights ranged from 1 to 10; ten being
the most significant.

A Pugh Matrix ranking of the projects was prepared comparing the projects for each
criterion (Appendix B). Some explanation is needed for the results. The lesser
ranked projects still show great significance in closing SOFC manufacturing gaps.
For example, the coil winding project was ranked below the median because it
applies only to tubular cells; otherwise, it would have scored in the top three
because of the major impact the interconnect has on tubular cells. In addition,
Powder Acceptance project was ranked low because as part of production and
purchase planning it does not need to influence the production line. It is also
difficult to propose a project that would benefit a significant nhumber of SOFC
fabricators, because each company requires different composition and particle
characteristics for cathode materials based on their design and manufacturing
methods.

The main benefit of the aqueous solvent project is that water is environmentally
friendly. However, this project is rated low because it is difficult to use water-based
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binder systems in forming slurries and inks for tape casting, spraying, and printing
processes. Moreover, precise humidity control is needed in drying, storing, and
handling parts made using water-based binder systems, which increases capital and
energy costs.

Finally, although the Inspection project ranked above the median, it seems clear
that it would be difficult to define a project based solely on this expansive subject.
Consequently, the group decided to include inspection and QC as a component of all
the projects and eliminate inspection as a stand-alone project.

The Appendix B table on the Ceramic group summarizes the Project ID number,
Project Name, Technical Area, Gap description, and Gap number.

4.4.3. Balance of Plant

The detailed rationale and explanation of the cost reduction process for each of the
selected projects is contained in Appendix A 111.3 which contains a description of the
component, the manufacturing gaps addressed, and the expected outcomes and
payoff. Table 4-3 contains a summary of the projected net total savings ($/kW),
assuming all the BoP cost reduction initiatives are successful, rolled up to the
system level for two different stack types and four different power levels. Savings
range from about $200/kW for the highest power systems to $4000/kW for the
lowest power systems.

BOP Proje subkW | SKW | 10kW |100 kW |subkW | SKW | 10 kW | 100 kW

Cathode/Reformer 376 81 78 67 376 81 78 67
Air Delivery

Anode Gas Delivery 187 95 44 187 95 44
Humidifier 764 206 146 60

Heat Exchanger 600 250 1200 500

Liquid Pump 1400 1400

Flow Meter (Not Additive 1400 1400

to Liquid Pump)

Over Specification 825 150 125 100 825 150 125 100
(Not Additive)

Net Total Savings ($/kW) 3965 874 444 271 3801 837 300 211

Table 4-3: Summary of recommended BoP projects and cost reductions
(by stack type and power level)

Not all of the blocks within the table are noted with a cost savings. This is a result of
not having sufficient information for that power level, or in some cases, an
improvement in cost savings would not be realized.
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Polymer Blectrolyte Menbrane
5.1. INTRODUCTION

Polymer electrolyte membrane fuel cells (also known as proton exchange membrane
fuel cells) have a lower operating temperature range than other fuel cells and use a
special membrane that allows the passage of protons but not electrons or gases. PEM
fuel cells dissociate hydrogen molecules into protons and electrons at the anode side of
the membrane. The electrons travel through the external circuit and the protons travel
through the membrane to the cathode where they react with oxygen and the returning
electrons to form water. They can be broadly classified as either low-temperature (LT) or
high-temperature (HT) based on the type of proton exchange membrane used.

Low temperature cells are typically fabricated using a membrane based on
perfluorosulfonic acid (PFSA). This ionomer is expensive when purchased in small
volumes. Systems must be operated with a precise humidity control that can be
challenging in some military operational environments. It is typical to operate LT cells at
approximately 80 °C, a temperature that can pose heat rejection challenges when high
ambient conditions are encountered such as in desert climates. Direct methanol fuel
cells (DMFC) are typically constructed using a PFSA membrane; however, humidification
issues are replaced by other considerations, such as the need for a relatively high
catalyst loading. Material alternatives to PFSA are being sought that have the near-term
potential to replace the dominance of PFSA.

Several high-temperature materials are also under exploration. The most well developed
material is based on a polybenzimidizole (PBI) sol-gel containing a high concentration of
phosphoric acid. These cells are typically operated at 120 °C to 180 °C. They do not
require humidification and reject heat more efficiently (e.g., smaller radiators can be
used). At these operating temperatures, catalysts are less susceptible to carbon
monoxide poisoning which can be important if fuel cell systems are to be run on
reformed logistics fuels that may contain impurities.

There are many architectural and manufacturing similarities between LT and HT PEM
components. In the interest of brevity, the sections that follow will first address typical LT
PEM elements and then unique considerations related to HT PEM manufacturing will be
called out where appropriate.

5.2. MEMBRANE ELECTRODE ASSEMBLY (MEA)
Overview

The Membrane Electrode Assembly (MEA) comprises the polymer electrolyte membrane
sandwiched between gas diffusion layers (GDL) with catalyst at the interface of the GDL
and membrane. This is typically the first building block created to form a fuel cell stack.
In LT PEM systems, it is common to add seals to this single unit known as a Unitized
Electrode Assembly (UEA). This section describes the fabrication of the UEA, which is
used to build the fuel cell stack. Elements of a typical UEA are shown in Figure 5-1.
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Figure 5-1: Elements of a typical Unitized Electrode Assembly (UEA)

The fabrication of the LT MEA begins with the production of ionomer that is converted to
a dispersion for electrode ink and fabricated into a membrane. The electrode ink is
composed of ionomer, precious metal catalyst, solvent, and other ingredients. The
electrode ink is used to form the catalyzed coating that is applied to the membrane in
catalyst coated membranes (CCM) or applied to the gas diffusion layer (GDL) in gas
diffusion electrodes (GDE). The MEA can then be constructed by either applying GDL to
either side of the CCM or GDE to either side of a bare membrane. A UEA is produced
when seals are integrated with a MEA.

The general categories of MEAs found in fuel cells include low temperature PEMs and
high temperature PEMs (PBl-based). Low temperature PEMs include hydrogen,
reformate, and direct methanol fuel cell MEAs. Either CCM or GDE may be used to
construct these MEAs. In the case of high temperature PEMs, only GDE is typically used.

The MEAs are commonly converted to bordered or edge sealed UEAs for low
temperature PEM applications. In the case of high temperature PEMs today, seals are
generally provided external to the MEA. In this instance, UEAs (or MEA plus seal),
gasketing, and plates are interleaved to build a stack.
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Figure 5-3: High temperature PBl-based MEA

The low temperature polymer CCM flow diagram (Figure 5-2) illustrates the general steps
necessary to construct a low temperature catalyst coated MEA. Note that the general
process steps required for HT MEA manufacturing (Figure 5-3) have many similarities.

Each major step in the manufacturing process is illustrated by red-dashed boxes. The
following section will describe the current best practice, the gaps and issues, and
recommended best practice for each major step in constructing the MEA.

Because precious metal catalyst in the electrode is the major cost driver (Figure 5-4),
manufacturing best practices will focus on methods to maximize the utilization of the
catalyst, maximize process yields, and minimize the residence time (or lead time) of
catalyst in the plant. Likewise, membrane and GDL are currently expensive materials,
particularly in the low volume production that represents the current state of the fuel cell
industry.
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Figure 5-4: Current Cost Breakdown for LT MEA

While membrane and GDL unit costs are likely to drop dramatically with volume,
precious metal catalyst will unlikely drop in unit cost. Thus the major cost driver for
membrane and GDL are volume driven while the main cost driver for the electrode is a
fundamental materials cost.

It is not the intent of the MFCMP effort to individually reduce the cost of each component
(including the overall MEA) at the expense of quality. The purpose is to identify methods
to reduce these unnecessary costs. The fuel cell stack is a major cost driver in fuel cell
systems. MEAs are not, in themselves, a cost driver because fuel cell stacks are most
often constructed with more MEAs than absolutely necessary. If the quality and
performance of MEAs can be improved (with a combination of both design and
manufacturing), then the number of MEAs employed in building a stack could be
reduced. Likewise, today many of the materials used to construct the MEAs are over
designhed, adding unnecessary costs to the MEA. Recommended best practices that
follow should not be implemented without a comprehensive analysis of the effect on the
cost of the overall system throughout its life cycle. Some recommendations will require a
relatively simple modification to an existing process, while other recommendations may
require redesign of a key component.

High Temperature PEM (HTPEM) MEA Overview

There is considerable interest in the use of high temperature PEM MEAs (such as
Celtec™ produced by BASF Fuel Cell Inc.) as an alternative to conventional low
temperature PEM MEAs. The MEAs shown in Figure 5-5 employ a sol-gel membrane
containing polybenzimidazole (PBI) and phosphoric acid.
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Figure 5-5: High temperature PEM MEAs
11

At the heart of the HTPEMFC MEA is the sol-gel PBI membrane (Figure 5-6). Unlike the
Nafion™ type of low temperature membrane, the HTPEM membrane does not need to

remain hydrated to maintain proton conductivity since the electrolyte is phosphoric acid.
The operating temperature of the HTPEMFC MEA is in the range of 160 °C to 180 °C.

Figure 5-6: PBI sol-gel membrane '
[2]

HTPEMFC systems have several potential benefits compared to low temperature
systems [2],

e  Simplification or elimination of humidification and water management
systems

o Increased tolerance to fuel impurities (e.g., CO), allowing a broader range of
fuels, simplified fuel reforming, and lower reforming costs

e Improved electrode kinetics
Higher proton conductivity
Ability to operate at higher ambient temperatures requires smaller heat
exchangers or radiators

e  High quality waste heat
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As a result, high temperature systems are significantly smaller, simpler, and less costly
than a corresponding low temperature system.

HTPEMFCs can be used for a variety of applications.

e Portable fuel cells (e.g., reformed methanol fuel cells (RMFCs) for soldier
power)

e Combined heat and power (CHP) systems for residences, businesses, and
industrial settings

° Stationary power systems

e APUs

The PBI systems are particularly well suited for any application where a reformed
hydrocarbon fuel may be used.

Low Temperature PEM (LTPEM) DOE Overview

Because of their relatively low operating temperature (~80 °C), Nafion PEM fuel cells
have a fast start capability which makes them ideal for transportation and backup power
applications. The specific energy density of LTPEM satisfies the requirements of many
applications including material handling equipment, auxiliary power, light duty vehicles,
and backup power.

Early on, the U.S. Department of Energy (DOE) recognized the immaturity of LTPEM
technology and established a strong LTPEM research, development, and demonstration
program. A majority of the DOE investment is in the area of PEM fuel cell component
development. DOE supported national laboratory researchers are involved in basic and
applied materials science and electrochemistry and have made progress toward
achieving the performance, durability, and cost goals established by the U.S. Department
of Energy (3l for light duty vehicles. Additionally, DOE’s goal to develop and demonstrate
fuel cell power system technologies for transportation have greatly benefited near term
applications such as backup power and material handling equipment. Stationary and
portable applications for LTPEM have also benefited from the DOE-supported activities.
Importantly, the DOE research and development success are readily carried over to
Department of Defense (DOD) applications.

The DOE has invested considerable research and development funds to reduce the
platinum catalyst content in LTPEM fuel cells. In recent years, the escalating cost of
precious metals has added to the LTPEM fuel cell cost. One of the great successes of the
DOE research is the reduction of the platinum content by an order of magnitude for
LTPEM fuel cells which has counterbalanced the rising cost of platinum.

In 2005, the DOE increased the scope of their research and development activity to
include manufacturing of LTPEM fuel cell systems. The DOE sponsored roadmapping
activities sought to identify manufacturing research and development approaches for
the production of LTPEM fuel cell systems. This would assist industry by building the
manufacturing infrastructure necessary to penetrate the light duty vehicle market by
2020. Manufacturing research and development needs, along with supply chain
networks, were identified for market introduction and economic growth 41,



37

The DOE LTPEM manufacturing roadmap was followed by a "Gap Analysis" that
identified the manufacturing limitations for LTPEM fuel cell systems [5l. The following
highlights the manufacturing gaps for LTPEM fuel cell systems as of 2007.

High-volume MEA processes
High-speed bipolar plate processes
High-speed sealing techniques

Stack assembly techniques

BoP components and fuel cell systems
Quality control processes

To resolve these gaps, the DOE funded manufacturing research and development
activities in 2007.

The manufacturing readiness of the LTPEM manufacturers supplying the material
handling equipment market and the backup power market was assessed in 2009 by the
DOE €. This assessment identified that production rates at LTPEM manufacturers were
below the Low Rate Initial Production level of 1,000 units per year at each of the
manufacturers. The overall manufacturing readiness level for the companies interviewed
was at MRL-6.

MRL-6 - Critical Manufacturing Process Prototyped: Critical manufacturing
processes prototyped, targets for improved yield established. Process and tooling
mature. Frequent design changes still occur. Investment in machining and tooling
identified. Quality and reliability levels identified. Design to cost goals identified.
Pilot line operation demonstrated.

The fuel cell companies had only progressed to the pilot stage of production in many
cases. A consensus from the companies was the need for the federal government to
increase the demand for fuel cell systems through direct purchases or through tax
incentives. The U.S. government has responded to the industry-wide recommendation
with a tax incentive of $3,000/kW for fuel cell systems.

A follow-up assessment of the market readiness of the LTPEM manufacturers identified
that companies still have not achieved Low Rate Initial Production of 1,000 units per
year (with the exception of one company that operated at this rate for a 16 month
period). Many of the companies reported design changes for the LTPEM fuel cell systems
because of customer feedback. These companies appear to have overestimated the
maturity of the LTPEM technology. Many of these design changes are affecting
manufacturing processes.

The lessons learned from the industry manufacturing experience are:

e The learning process from deployment of fuel cell systems is critical to
advancing the technical maturity

o The cost of LTPEM fuel cell systems is primarily materials driven (the platinum
catalyst is the most expensive)
The complexities of manufacturing a fuel cell system are high

e  Continued manufacturing research and development is required to drive down
cost and increase manufacturing rates
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Automation of PEM - Lessons Learned

Beginning over ten years ago, BASF Fuel Cell and its predecessor enterprises, in
conjunction with researchers at the Center for Automation Technologies and Systems
at Rensselaer Polytechnic Institute (RPI), began developing the manufacturing
processes necessary to fully automate MEA fabrication. To date, BASF Fuel Cell
remains the dominant commercial HT PEM supplier.

The first fully automated manufacturing line was designed and built in New York State
and commissioned in Frankfurt, Germany. The pilot line was initiated from a clean
sheet of paper, through laboratory manufacturing process R&D, to specification
development, source selection, and detailed design, build, and installation. While it is
highly unusual to find such a forward-thinking start-up willing to commit early to
automation, the lessons learned were invaluable, as were the opportunities to further
refine the process before the onset of high volume production.

Early experience with automation revealed many things.

e  When there are uncertainties related to materials, designs, architectures and
manufacturing processes, it is best to employ modular, flexible manufacturing
processes and systems.

e Distributed control architectures allow for easy process and systems debug and
great flexibility in both process and system design.

° Dimensional and registration tolerances that are easy to achieve with
conventional precision machined components are very difficult to achieve with
materials that are flexible, easily deformed and damaged, and affected by
temperature and humidity.

e Commercially available production equipment (e.g., thermal presses, robots)
may hot be adequate for processing materials found in fuel cell components.
For example, commercial robot systems seldom have to contend with acid
bearing materials.

e  When designing pilot scale manufacturing lines, plan for the unexpected.
Proper materials selection for production equipment is critical in order to avoid
possible contamination of the product.

e The time spent in thoughtful preparation of the system requirements document
pays back ten-fold during the project execution.

e System cost is not the most important evaluation criteria when selecting an
automation system provider.

An enhanced pilot line that offers higher capacity relies heavily on information driven
manufacturing processes to replace hard tooling wherever possible. This facilitates the
sort of high product mix and rapid product evolution common with a still emerging
industry while greatly reducing cost and lead time when products change or new
products must be brought on line. Relevant manufacturing process parameters for all
steps leading up to the finished MEA are logged in a database, and there is a wide use of
advanced manufacturing technologies such as robotics, vision systems, lasers, and
ultrasonics.

5.2.1. lonomer & Membrane
Overview

There have been a large number of perfluorinated, partially fluorinated, and non-
fluorinated hydrocarbon based membranes studied and employed to different
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degrees of success in fuel cell systems over the past fifty years. Perfluorosulfonic
acid (PFSA) ionomer is used today for low temperature polymer electrolyte
membrane fuel cells.

Originally extruded membrane processes were employed to produce PFSA
membranes that were used for early fuel cell stacks. This traditional extrusion-cast
membrane manufacturing process was developed for “thick” films, typically greater
than 125 micron, but further developed for thinner membranes. The extruded
sulfonyl fluoride polymer film was then converted from the SO2F to the SOsK form
using an aqueous solution of potassium hydroxide and dimethyl sulfoxide, followed
by an acid exchange with nitric acid to the final SO3H form [7],

Thinner membrane enables higher performance hydrogen fuel cells, so 25 micron
or thinner membrane was demanded by fuel cell stack developers and
manufacturers. This increased demand for thinner membranes pushed production
rates to levels that meet the lower cost goals required for fuel cell applications.
Furthermore, there is a growing demand for larger production lot sizes, increased
roll lengths, and improved physical appearance. To meet this need, fuel cell
membrane manufacturers developed solution-casting processes and automated
membrane electrode assembly processes [& 9 to supply high-volume, low-cost
membrane to an emerging fuel cell industry.

Current Best Practices [10]

The thin membrane solution casting manufacturing process is shown in Figure 5-7.
The backing film (1) is unwound and measured for thickness (2). lonomer
dispersion is applied (3) to the substrate and both materials enter a dryer section
(4). The composite membrane/backing film is measured for total thickness (5) and
the membrane thickness calculated. Then the membrane is inspected for defects
(6), protected with a coversheet (7), and wound on a master roll (8); all within a
clean room environment (9). Master rolls are then slit into product rolls and
individually sealed and packaged for shipment.

Coating (3) +
Drying (4) Clean Room (9)

Finished Roll (8)

y V‘X
Orat; |

Inspection (6
Backing Film (1) +

+

Cover Sheet (7)

Figure 5-7: Thinner membrane manufacturing processes
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This process has several key advantages.

Large dispersion batches can be inspected for quality (e.g., free of
contamination) and performance (e.g., acid capacity)

Overall production rates increased for solution-casting polymer electrolyte
membrane (as compared to polymer extrusion followed by chemical
treatment)

Thickness control and uniformity improved, including the production
capability of very thin membranes (e.g., 12.7 microns)

Two patented high-pressure processes, solvent-based [11] and water-based [12], are
used to convert DuPont™ Nafion® ionomer (sulfonic acid form) into polymer
dispersions with 5% to 20% solids content by weight. These dispersions are
formulated into carbon inks and catalyst coatings, and used either “as supplied” or
with modifiers [13] and reinforcement materials to fabricate electrode coatings and
membranes [14.15,16],

Gaps and Issues

The need to minimize the cost of precious metal catalyst. The key for MEA
manufacturers to minimize the cost of precious metal catalyst is to
minimize residence time in the plant and cut yield losses resulting from
the current fabrication process. The current process uses a decal transfer
to minimize swelling of the ionomer membrane due to the water content
in electrode coating inks (which compromises the dimensional stability of
the resulting catalyst coated membrane). Decal processes add another
step to the fabrication of MEAs and potentially introduce yield loss and
extend residence time in the plant.

The need to optimize the electrode ink ionomer for coating. Currently, the
precious metal catalyst utilization in the final electrode structure is
maximized but the ionomer is not optimized for coating.
lonomer/membrane suppliers and their MEA customers do not share
information that would lead to advances in ionomer dispersions for
electrode ink, as well as improvements in membrane morphology to
enable a direct coated CCM (and thus eliminate the need for decal transfer
processes).

Recommended Best Practice

Improve precious metal catalyst utilization in the coated electrode by
developing better ionomer dispersions. Nominally, one mil cast and one
mil reinforced membranes are the accepted industry standard for the
manufacture of catalyst coated membranes fabricated using a decal
transfer process. Likewise, these same materials are employed for GDE
approaches and DMFC MEAs. DuPont™ Nafion® ionomer and similar
dispersions are the current best practice for electrode inks today.

Develop a membrane morphology that enables direct coating of
membrane with the electrode layers. It is unknown whether these ionomer
dispersions may also enable the direct coating of membrane without a
separate change in the membrane morphology that would reduce the
effect of swell. Presumably, less membrane ionomer (thinner membrane)
may also reduce the effect of membrane swell during direct coating.
Alternative membrane ionomer, thinner membrane, or reinforced
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membrane may all be different routes to enable direct coating. Today,
membrane is the second highest cost driver in the MEA behind the
electrode. Higher volume manufacture, as well as ionomer reduction, may
enable improvement in the overall cost of manufacture. Additionally, a
higher performance, durable MEA resulting from ionomer and membrane
improvements in the utilization of precious metal catalyst, should reduce
the overall MEA count in the stack, reducing the amount of precious metal
catalyst tied up in the fuel cell system. Increased demand in fuel cell
systems, and the resulting increase in overall MEA volume, would not be
expected to reduce the cost impact of precious metal catalyst without
significant improvement in precious metal catalyst utilization in the both
the MEA design, as well as in the MEA manufacturing process.

Improve the cast and extruded membrane processes to deliver high
performance durable MEAs that meet current and future design needs.
Development of improved transfer function relationships between ionomer
dispersion preparation parameters and membrane fabrication parameters
would be a high payoff effort. The ability to relax release specifications of
ionomer dispersions and membrane properties should improve first pass
yield and lower manufacturing cost. Although traceability of ionomer
dispersion and membrane properties to the resulting MEA properties is
generally good, any improvements in relating product characteristics and
process parameters of the dispersion and membrane to the resulting MEA
release specifications should enable better first pass yield.

Gas Diffusion Layer (GDL)

To discuss the gas diffusion layer (GDL), it is important to have a basic
understanding of the steps involved in making the GDL and its primary functions in
the fuel cell. The making of the GDL involves multiple process steps performed on a
number of various machines before reaching its final form. Though some GDL is still
made in discrete sheets, several manufacturers have developed continuous roll to
roll processes. In general, the continuous process involves four steps.

1)
2)

3)
4)

The GDL is made by starting with a carbon fabric or carbon paper
precursor

The precursor is then put through a series of heat treatment steps making
it into GDL substrate

PTFE is added for hydrophobicity

MPL coatings are applied to tailor the flow of reactants and manage water
to make the final GDL product that goes into the MEA assembly

The GDL functions are required to perform a number of tasks during fuel cell
operation.

Create a minimally resistant path for the flow of electrons from the
electrode interface to the current collectors

Manage the flow of reactant gases to and from the electrode interface
Transport water to the membrane and out of the catalyst layer

Provides thermal properties required to manage the heat generated in the
MEA
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As such, the GDL plays a key role in the proper functioning of the MEA and needs to
meet many different requirements depending on the fuel cell design and
application.

The GDL precursor can be a carbon fabric, woven following processes similar to a
woven textile. This adds to the cost of the precursor. The first step in the process is
the conversion of polyacrylonitrile (PAN, or other materials such as pitch or rayon) to
a highly thermoset ladder polymer called oxidized PAN. The oxidized PAN is then
converted into long worsted staple fiber yarns that are woven into the construction
designed for the application.

A less expensive process uses a carbon fiber paper backbone made on specialty
forming machines following a wet-laid process using short-chopped, carbonized PAN
fibers, and a binder. The low-density carbon fiber paper is then impregnated in
continuous roll format with a carbon powder/resin solution. Many companies use a
solvent-based phenolic resin solution for impregnation. The equipment required to
coat these types of solutions must be explosion proof to accommodate the solvent,
and the process has added environmental issues such as hazardous disposal and
abatement. Some GDL substrate manufacturers use water based carbon powder
solutions for impregnation. These solutions tend to be more environmentally
friendly and require less specialized equipment to process them, making this
method less costly. It should be noted however that GDLs made in this fashion may
not be suitable for some types of fuel cells.

The precursor then undergoes an oxidation step which converts the material into a
lower molecular weight form of the original organic polymer. Oxidation is followed
by a continuous carbonization step to volatilize the remaining hydrogen, nitrogen,
and oxygen atoms bound to the carbon surfaces [17]. At this stage, the materials are
88% to 95% carbon by weight [18l. Finally, the precursor goes through a
graphitization step that heats the material in an inert environment to approximately
1700 °C to 2000 °C. This results in a 99+% carbon substrate with graphitic
properties. Once through this series of heat treatment steps, the material is a GDL
substrate (Figure 5-8).

Carbon Powder/Resin Coating Roll-to-Roll Heat Treatment Roll-to-Roll Heat Treatment
(Oxidation) (Carbonization)

Batch Graphitization Inspection

Figure 5-8: GDL manufacture involves multiple processing steps
(Courtesy of Ballard Material Products)
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PTFE is then added for hydrophobicity and finally microporous layer (MPL) coatings
are added as desired. Once the GDL material has been coated, it is then put through
one last heat treatment step, sintering, and then is slit to the desired format. It is
then inspected and ready in its final GDL form (Figure 5-9).

PTFE Impregnation Continuous Sintering Final Visual Inspection
and
Microporous Layer Coatings

Figure 5-9: PTFE added for hydrophobicity and microporous layer coatings added

(Courtesy of Ballard Material Products)

There are many publications [19] studying different characteristics of the GDL -
hydrophobicity and hydrophilicity, porosity, permeability, transport properties,
electrical resistivity, compressibility, and structure. Several methods have been
developed to measure and quantify these various properties. However, it is
extremely difficult to measure many of these properties in a timely manner.

Current Best Practices

o Have as many process steps as possible for GDL production in one
location. This allows for better control of the process, helps to provide a
better understanding of the interrelationships of each process step and
helps to reduce the GDL cost. It is critical for fuel cell manufacturers to
develop close collaborations with the vendors that perform other steps
externally.

e Minimize capital expenditures by running lower volume processes on
shared equipment. For example, the precursor is made on standard
equipment designed to process other types of paper and the heat
treatment equipment needed for making the GDL substrate is usually also
used to produce other carbon products. In addition, the coating steps are
usually performed on the same coating equipment, which has been
designed with the flexibility to be changed-over for different coating
processes.

¢ Roll material is processed in continuous runs to maximize yields on each
machine. This minimizes cleanup, changeover, and setup time for each
process step.

e  Standard size is 80 cm width and roll sizes up to 800 meters in length.
Common specifications for GDL include basis weight, thickness, thickness
under compression, resistivity, air permeability, tensile strength, bending
stiffness, and visual defects. These specifications characterize some
aspects of the GDL, but not all. Product release specifications do not
completely characterize critical GDL parameters as they relate to final
overall product performance. Problems arise when product fails due to
unquantifiable issues. Work is being done to develop methods and tools
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for measuring critical GDL parameters. There are many projects currently
underway at many universities for developing some of these methods. The
DOE has funded projects to help in this matter.

Ensure product uniformity through continuous in-line measurement and
control of certain variables. Beginning and end of roll samples are still
taken, but with lengths upwards of 800 meters between start and end, the
in-line tools help to assure uniformity throughout the whole roll. Tools
include in-line viscometers, mass flow meters, beta or gamma gauge basis
weight, thickness measurements, dryer web temperature profiling, dew
point measurements, and in-line vision defect inspection.

Inks are mixed for the carbon powder impregnation solution and
microporous layer (MPL). Currently, batch processing is the norm. Refer to
the ink mixing section for current best practices.

Gaps and Issues

It will be necessary to have dedicated coating lines and heat treatment
equipment to run GDL product as volumes significantly increase. New
equipment should be designed to handle double width rolls to the current
80cm width. The lines should be able to switch from roll to roll
continuously. A continuous graphitization furnace will become necessary
at very high volumes. Many special considerations will be required in
constructing this type of furnace because it needs to run under vacuum
and at extreme temperatures. This will drive the cost up and may make
this type of equipment cost prohibitive even with increased volumes.

In the case of GDEs made for the high-temperature PEM, the GDL has
historically been a carbon fabric. If a paper design could be used instead
of the fabric there could be a cost savings. A significant effort would be
required to develop a paper design that would meet the requirements of
this type of system.

There is currently a lack of tools that are capable of measuring key GDL
parameters in real time. Some of the existing measurement tools are
difficult to use and others do not even measure the actual parameter of
interest. Some modern tools may exist, but they are considered trade
secrets and manufacturers are reluctant to share them. This makes it
difficult to have a common acceptable standard for product comparison
and QC.

There is a reluctance of suppliers and customers to share information with
each other. There are typically different manufacturers for each part of the
MEA (and in some cases different parts of the GDL), When a customer is
having a problem, they may notify the supplier, but usually will not provide
details about the problem nor let the supplier know which lots are causing
the problem.

Many paper properties cannot be measured until it has been converted to
a substrate material. There are several upstream steps and process
variables that may be important, but are not well understood because of
the multiple process steps between the process variable and
measurement of the paper property. This means that many potential
upstream variables are lost in the noise.

Many visual defects are rejectable because of a lack of understanding on
design. Vendors are starting to incorporate in-line vision systems to help
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measure and quantify “blemishes.” Work is required to determine what
“blemishes” affect final performance and are therefore defects that should
be rejected. This information must be fed back to the suppliers so they can
take adequate measures to reduce and eliminate sources of these
defects. Work is currently being done at NREL and supported by the DOE
to address this specific issue. Using GDL material donated by commercial
vendors, NREL is able to use a segmented cell to compare the power
output of material with and without “blemishes” for true comparison. The
power loss due to a specific type of “blemish” can then be quantified and
the information used to determine what actually is a “defect” in the GDL.

Recommended Best Practices

Dedicated coating lines should be designed and fabricated to handle wider
widths, longer rolls, and continuous roll to roll coating. Accumulators and
turrets can be used to keep the line running while performing roll changes,
especially as volumes increase and capital expenditure is warranted, Even
without capital upgrades, coating in campaigns (coating several rolls of
the same coating one after the other) will help to reduce cleaning,
changeover and setup costs. In addition, any work that can be done to
increase the speed of existing processes would help to reduce costs and
increase capacity.

Further develop in-line functional measurement techniques in order to
ensure roll uniformity from beginning to end.

Develop traceability of product characteristics, raw materials, and
processes parameters. Identify and minimize variability of each process
step to produce a consistent and uniform product. Develop collaborations
between vendors and customers to better understand and address
problems that may arise.

Develop transfer functions relating parameters to performance. Develop
tools to universally measure and quantify critical properties and compare
products fairly. Data from these tools must be related to final product
performance for the customer. GDL specifications should be established
based on the customer’s findings to ensure proper functionality. In order to
accomplish this, it is imperative to have joint collaborations between the
various suppliers and manufacturers.

Develop continuous mixing technologies. In-line mixing of the inks will
reduce costs. (See ink mixing best practices and recommendations.)
Develop technology to apply multiple layers in one coating pass. The
microporous layer coatings can involve several coating and drying passes.
Each pass adds to the cost of the material. If several coatings could be
applied at one time and then dried, or if a tandem coating line could be
setup, frequent starts and stops could be eliminated. A tandem coating
line is a large capital expenditure and is not feasible at current volumes. A
multilayer coating station could help reduce process steps and product
costs as long as the dryer has capacity for the added wet load. Multilayer
coating may be difficult due to solution compatibility and interactions
between the layers. This must be addressed to effectively coat multiple
layers at once.
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Minimize the noise in the entire process by identifying variability in each
process step. Pinpoint the source and implement ways to minimize or
eliminate the variability.

The substrate manufacturer should coat the substrate with PTFE (for
hydrophobicity) and apply different MPL coatings (or catalyst coatings in
the case of the GDE) depending on the desired GDL properties. This
simplifies the GDL manufacturing process and keeps the cost low.

Improve material utilization employing master batch and master roll
techniques, combined with processing in continuous runs.

Ink Mixing & Delivery

Current Best Practices

The best current practice for ink mixing and delivery consists of the following
process steps (Figure 5-10):

Combine raw materials, consisting of one or more of the following:

o Catalyst powder - The catalyst powder may be one of several types
and still fit into this general manufacturing process. Examples include
Pt metal dispersed on a variety of carbon types, Pt alloy metal
dispersed on a variety of carbon types, or Pt black. One example of a
catalyst technology that would not fit into this general manufacturing
process is the 3M nano-structured thin film electrode.

o lonomer dispersion - Any ionomer dispersed in a solvent mix would fit
into this general process.

o Solvents - Various solvents, including water and various alcohols, may
be added to the ink.

o Other - Additives serving various functions may be included in the
catalyst ink. The function may be either product-related or
manufacturing-related, such as rheology modifiers.

Blend/mix raw materials to create a catalyst ink. The mixing step is most

commonly performed in a batch process. For example, all materials would

be combined and mixed in a single bottle using a variety of mixing
methods including blade mixing, rotary ball mill mixing, and ultrasonic
mixing.

Dispense ink into a hopper or coating die. Depending on the system, the

finished ink is directly transferred to a coating apparatus, or it may be

transferred to a hopper or holding pond, awaiting a later transfer step to
the coating apparatus. The transfer is most commonly accomplished using
either a gravity-fed system or by a mechanical pump.
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Figure 5-10: Current process for ink mixing and delivery

The catalyst ink is the point in the MEA fabrication process where the precious
metal catalyst is introduced. Since this is the most expensive material in the MEA, it
is critical that the yield be maximized and the scrap be minimized. Scrap in the ink
mixing and delivery processes are most often due to waste incurred during start-up
and shut-down of the process. When the equipment is torn apart for cleaning or
maintenance, there is unused ink in the feed lines, the mixing vessel, and the
transfer hopper. All of the unused ink in these various pieces of equipment is
collectively referred to as “skins.”

To help minimize the ink scrap, the batch size should be maximized. For a batch
process, this is achieved by increasing the individual batch size and also by
combining multiple batches into a master blend. In addition to minimizing scrap,
increasing the batch size also decreases the number of start-up and shutdown
events. These events are generally costly in terms of equipment down-time as well
as the labor required to set up for a run. It is also noted that some manufacturers
use a continuous mixing process to decrease the relative amount of skin loss. Since
this technology is not widely adopted in industry, it will be a recommended best
practice.

A second way to minimize scrap is to minimize the surface area in the system
available for skinning. This technique includes reducing the tubing length between
the mixing vessel and the holding vessel or the coating apparatus. Maximizing the
mix vessel size is also effective in reducing the surface area / volume ratio.

A third way to minimize scrap is to reduce the frequency of cleaning, since it is only
during the cleaning session that the ink skin is truly scrapped. Whether using longer
tubes or smaller mixing vessels, cleaning only once in every ten campaigns instead
of once every two campaigns reduces the amount of scrap by a factor of five.

To help maximize yields, quality control tools are employed. Three QC tools
employed in current best practices include rheology, particle size distribution, and
solids weight percent. All three measurements are currently off-line techniques that
require a sample to be withdrawn from the ink and measured. While the rheological
properties of the ink are important for the ink application step, it is unclear what
effect, if any, these three metrics have on the end performance of the MEA and
across all manufacturing steps.

The result of this lack of understanding of the “transfer functions” is twofold. First,
the tolerance on the known metrics are most likely too tight. This is a natural
reaction to achieve desired performance. Second, there are almost certainly metrics
that have not yet been defined that are important to the performance.
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Gaps and Issues

All raw materials in the ink are measured using an accurate balance and
then manually added to the mixing vessel due to low volume demands.
This requires increased labor and results in higher levels of scrap due to a
number of transfer steps.

The batch scale mixing processes used by some manufacturers for ink
production and delivery provides too large a surface area for skin
formation in the mixing vessels, transfer vessels, and connection tubing.
The current process for collecting samples and taking QC measurements
is labor intensive and on a batch-scale. Only one or perhaps several data
points are taken during a run.

There is a lack of understanding of what the critical metrics are that affect
the product performance. While not specifically related to ink mixing and
delivery, it is more generally present in the fuel cell environment, One
reason for this lack of understanding is the significant degree of
interaction present within the fuel cell system. For a fuel cell to function
properly, all the different components must work together flawlessly, and
a change in one component can lead to a change in performance that is
sometimes significant. These significant interactions greatly increases the
negative effect of “bracketing”, or the practice of focusing on a specific
area without having understanding of what is going on in other areas.

Recommended Best Practices

The recommended process steps remain the same as used in current best
practices. Combining raw materials, blending, and then delivering the ink are still
the basic blocks. There are, however, nine improvements recommended for future
ink mixing and delivery systems.

Automatically measure and dispense the raw materials when volumes
increase. Industrial equipment can be used to automate this process to
reduce the required labor and reduce the scrap since the number of
transfer steps would be reduced.

Minimize the dwell time of the ink between mixing and delivering to the
coating operation. Use lean manufacturing best practices to address
uncertainty regarding shelf life / stability of the mixed ink.

Minimize the surface area available throughout the system for skin
formation.

Maximize the throughput of ink between cleaning / maintenance cycles of
the equipment.

Move to continuous, automated processing throughout the ink processing
block, including automated dispensing of raw materials, continuous feed
of raw material mixture into a continuous, flow-through mixer/blender,
continued flow of the blended ink directly into the coating operation.

If continuous processing is not implemented, maximize the number of
batches of ink per campaign. Reduce the number of these vessels used in
the batch process to reduce the available surface area for skin formation.
Improve the understanding of the requirements on the ink product.
Determine what tolerance is truly needed for existing QC measurements.
Determine if all existing QC measurements necessary or if any additional
measurements are required.
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o Implement on-line QC techniques. The benefits of moving to on-line, real-
time measurements include the reduction in labor (no sample collection,
no manual measurement procedures), as well as more data. While a
batch-sample process involves one or several data points per batch,
continuous QC allows for several data points across a run. This provides
more resolution of the data during the run. Finally, if the data collection is
real-time, then a process control loop can be set up to actively monitor the
data and adjust appropriate process parameters (if the measurement and
the parameters are known), or to alert an operator.

o Side-stream sample for a continuous production process. This would apply
where on-line, real-time QC techniques cannot be implemented (perhaps
because the QC technique is destructive, or because the technique is
inherently a batch technique). This sampling technique can be automated,
and the collected samples are then post-processed, if necessary, and
measured off-line.

e Maintain real-time traceability of raw material lots. This includes process
parameter set points and feedback, and product QC measurements.

o Encourage designers and process engineers to continuously work
together. This collaborative work could include developing meaningful,
data-driven tolerances on existing metrics, and to develop new metrics
(transfer functions) that relate the ink product properties to downstream
product requirements.

5.2.4. Catalyst Coated Membrane

CCMs are designed for the electrodes to be directly transferred to the membrane
thereby potentially increasing the efficiency of the catalyst usage. There are certain
technical challenges that will have to be overcome as described in the following
section.

Current Best Practices

To discuss the catalyst coated membrane (CCM), it is important to have a basic
understanding of the role of the CCM in the fuel cell membrane electrode assembly
(MEA).

The MEA consists of five components: anode GDL, anode catalyst layer, proton
exchange membrane, cathode catalyst layer, and cathode GDL. MEAs can be gas-
diffusion-electrode (GDE)-based (as shown in Figure 5-11A) or CCM-based (as shown
in Figure 5-11B).
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Figure 5-11: Membrane electrode assembly (MEA): A- GDE-based; B- CCM-based

In a GDE based MEA (Figure 5-11A), the catalyst layer is applied onto GDLs to
produce a GDE. The anode and cathode GDE are then bonded, or hot-pressed, to
either side of the proton exchange membrane (PEM) to produce an MEA. The proton
exchange membrane softens, or reflows, at the hot press temperature which
produces the adhesion necessary to create the bond between components.

In a CCM-based MEA (Figure 5-11B), the catalyst layer is coated onto the proton
exchange membrane to produce a CCM. The anode and the cathode GDL are then
bonded, or hot pressed, to either side of the CCM to produce an MEA. Because
catalyst coats the membrane, no bond can be made between the layers during hot
pressing. An adhesive layer is added to the GDLs to facilitate this bond. The
adhesion of GDLs to the CCM is not trivial and adhesion methods are kept
proprietary. One of the primary reasons to adhere the CCM to the GDL is the need to
keep the membrane dimensionally stable in-situ as it undergoes thermal,
mechanical, and hygroscopic stresses.

For low temperature PEM, the need to continuously coat ultra-low-loaded catalyst
layers has led many manufacturing engineers to choose to coat catalyst onto
membranes (B) rather than onto GDLs (A).

Coating on membrane offers the following advantages:

* Smooth film surfaces enable consistent deposition of coated layers below
a thickness of 1 micron (dried thickness)

* Consistent and predictable surface energies lead to predictable and
consistent coating runs

¢ Membranes can be handled around tight roller radii leading to greater
degrees of freedom for coating line design

e  Carbon fiber contamination is a non-issue in the coating line

Because precious metal catalyst and membrane are the major cost drivers in MEA
design, manufacturing best practices will focus on methods to maximize the
utilization of precious metal catalyst and membrane, maximize process yields, and
minimize the residence time of precious metal catalyst in the plant.

Table 51 outlines the primary inputs to the CCM manufacturing technology
development process. Some inputs are basic (i.e., ease of scale up to high volume),
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while others are derived from advanced R&D concepts (i.e., ability to coat built-in
precious metal loading gradients in a single pass). Technology evaluation and down-
selection can be carried out by understanding how many of the critical design and
process inputs can be satisfied. Because fuel cell technology is currently focused on
lower volume demand, primary consideration should be given to “ease of scale-up
to high volume.”

CCM Technology Development Inputs

Type of Cost

Input Baseline Needs Reduction | Flexibility
Design Ability to coat below 1 g Pt/m? v v
Design Ability to coat to 1 - 7 g P/m in a single pass v v
Process Ability to hold coat weights that are 6 sigma capable v

(cross-direction and machine direction)

Design Ability to coat various catalyst ink types v
Design Ability to deliver design-intent catalyst structures v
Process Demonstration of yields >99% v

Process Demonstration of ink utilisation >98% v

Process Ease of scale-up to high volume v
Process Degree of customisation v
;vocess K Ability to deliver inks to coating head with minimal/no ink i v I

shearing and drying

Process | Ability to meet labour targets v
Design Ability to coat onto various types of webs v
Process Ability to coat over large viscosity ranges (higher design v

degree of freedom)

Design Ability to print segments v
Process | Ability to deliver a fully direct-coated CCM v
Design Ability to coat built-in loading gradients in a single pass v v
Process Ability to coat multiple layers at once 4 v

Table 5-1: Catalyst coated membrane (CCM) technology development inputs

Current catalyst coated membrane (CCM) coating processes are roll-to-roll
continuous and can deliver dry catalyst coated layers of less than 1 micron (which
represents precious metal loadings of 0.05 mg/cm2 or less). For these low loadings,
a small ink particle size distribution is critical. For single pass coatings, precious
metal loadings as high as 0.7 mg/cm2 can be achieved (which represents a dry
layer thickness of 8 microns and above).

Current CCM coating processes can deliver coated yields (defined as defect-free
coatings and in-specification precious metal loadings) upwards of 99.9%
(demonstrated over miles of coating runs). To maximize precious metal catalyst
utilization, long coating campaigns are favored. For a given reservoir volume and
given line losses, the longer the campaign, the higher the precious metal utilization.
This said, coating reservoirs should be designed for minimum volume and ink
hoppers should be located as close as possible to the coating head to minimize line
losses. For a 1 kilometer coating run, precious metal utilization rates above 98%
have been demonstrated.



52

In-line systems such as X-ray fluorescence (XRF) or beta backscatter gauges are
used to monitor and control precious metal loading in real time. Feedback
(automated or manual) from the gauges is used to control precious metal loading in
the cross-web and machine direction. In current best practices, Six Sigma capability
on precious metal loading is being achieved.

Water-based and solvent-based inks are currently used for coating catalyst layers.
Water-based inks simplify equipment design, as explosion-proofing and exhaust
scrubbing are not critical.

Incoming and outgoing product is 100% traceable. Pre-determined process routes
ensure error-proof movement of product through the manufacturing line. As a
requirement to begin a process cycle, fixed barcode readers scan the incoming
product. The product’s proper location in the process sequence is verified before
equipment will cycle. All upstream quality control gates are verified to have
“passed” or else equipment will not cycle. Critical process parameters are
continuously monitored and logged. Times are logged whenever a product’s
barcode is scanned and the product processed, enabling direct correlations to be
made to continuously monitored process parameter levels.

All manufacturing documentation is formally controlled, with changes requiring
both a technical review and a final updated documentation review. Comprehensive
manufacturing documentation includes the following hierarchy: Process Flow
Diagrams (PFDs), Process Failure Modes and Effects Analysis (PFMEA) of each step
in the PFD, review of PFMEA critical parameters and cascading into Control Plans
and Process Specifications, Shop Floor Work Instructions and Set-Up Checklists with
cascaded critical parameters. For products at the prototype stage and beyond,
adherence to documentation is the rule. Any deviation must be formally reviewed
and signed-off by program and technical managers. Deviations are formally logged
and controlled.

Cathode Catalyst Layer Cathode Release Film Removal
Coated on Release Film

Cathode and Anode
Catalyst Layers
Decaled to Membrane

(Roll-Good)

Membrane Roll

Anode Catalyst Layer

Coated on Release Film Anode Release Film Removal

Continuous
Lamination

Figure 5-12: Schematic of continuous lamination

Because of the inherent nature of Nafion-based membranes to expand when coated
directly with ink, current CCM manufacturing methods utilize decal transfer
processes to laminate catalyst layers to the membrane. Decal transfer processes
involve coating catalyst layers onto release films and bonding them to the
membrane using continuous lamination techniques (Figure 5-12).
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Gaps and Issues

A need to evolve away from decal transfer methods and move toward fully
direct-coated processes. Membrane swelling is currently a technological
hurdle to a fully direct-coated CCM.

A need to develop robust methods of printing catalyst ink segments or
patterns on a moving web. This increases precious metal utilization in
framed MEA designs as catalyst can be removed from underneath the
frame.

A lack of transfer functions relating critical product and process
parameters to performance. Cost is added when non-conforming product
travels through value-adding processes before being detected and
removed at final performance QC testing. As well, cost is added to the
manufacturing process development effort, as desighed experiments must
necessarily use in-situ performance as the response variable. Finally,
without an understanding of transfer functions, products tend to be over-
designed with tight tolerances, which lowers process capability and adds
pressure to the ability to achieve and maintain high manufacturing yields.
A need to develop indine, at speed, non-destructive measurements of
critical product properties. Currently, in-line methods are used for precious
metal loading only. Once valid transfer functions can be developed relating
critical product properties to performance, in-line measurement of those
properties is needed (i.e., catalyst layer structure, porosity, diffusivity,
thickness, and visual defects).

A reluctance of suppliers and customers to share information with each
other. This slows down development efforts.

Recommended Best Practices

Develop a fully direct-coated CCM. A proof of concept has been demonstrated,
concept process drawings completed, and capital quotes obtained. Figure 5-13
is a schematic of a direct-coated process.

Fully-coated CCM roll

Continuous Continuous
direct-coating and direct-coating and
heat treatment of > heattreatmentof —>
anode catalyst layer cathode catalyst layer
onto membrane onto membrane

Figure 5-13: Schematic of a direct-coated process

Direct coating is an enabling manufacturing technique delivering the following
benefits and cost reductions due to the elimination of the decal transfer
process step.

Reduced labor

Reduced yield loss potential

Reduced capital cost during scale-up

Reduced residence time of precious metal catalyst in the plant
Increased precious metal catalyst and membrane utilization as decal
transfer processes necessitate coating wider catalyst layers to
address alighment tolerance stack up and membrane shrinkage
issues
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Elimination of release film costs

For ultra-low precious metal loadings, all the precious metal is coated
onto the membrane as opposed to decal transferring, which can leave
residues on the release film. At ultra-low loadings, this can become
significant

° Elimination of web handling issues. These problems are inherent in

handling webs that are close to their reflow temperatures

Patch Coated
Membrane

Fully Coated
Membrane

=
-
—
e

Figure 5-14: Comparison of fully coated and patch coated membrane

Develop robust methods of continuously coating segments or patterns on a
moving web as a means of increasing precious metal utilization for designs
using framed MEAs (Figure 5-14).

5.2.5.

Develop transfer functions relating critical product and process
parameters to performance. This removes non-conformances at the
source instead of continuing through value-adding processes before being
detected and removed at final performance QC testing. As well, lack of
transfer functions adds cost to the manufacturing process development
effort as designed experiments must necessarily use in-situ performance
as the response variable. Finally, without an understanding of transfer
functions, products tend to be over-designed with tight tolerances, which
lowers process capability and adds pressure to the ability to achieve and
maintain high manufacturing yields.

Develop in-line, at speed, non-destructive measurements of critical
product properties such as catalyst layer structure, porosity, diffusivity,
thickness, and visual defects

Improve exchange of information between suppliers and customers

MEA Low Temperature PEM

Joining the gas diffusion layer (GDL) and the catalyst coated membrane (CCM) is the
last step in forming an MEA, or in the case where integral seals are included this is
sometimes referred to as a Unitized Electrode Assembly (UEA).

Current Best Practices

There are two primary approaches to creating low-temperature UEAs: bordered (or
framed) MEAs, which are most common, and edge-sealed (or flush-cut) MEAs. In
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both cases, it is necessary to maintain tight dimensional, registration, and thickness
tolerances to prevent leaking or unfavorable tolerance stack-up during the stack
assembly process. It is paramount that manufacturing processes consistently
deliver MEA components that do not leak when integrated into a stack as rework is
impractical in high-volume manufacturing. Robot-based pick and place, often
guided by machine vision, is used to achieve high precision placement of
components on automated manufacturing lines. Fixturing and features embedded
in subcomponents are used to assure repeatable part location on manual assembly
lines. MEA alignment features are also used to facilitate correct location in
downstream operations such as stack construction. Hand assembly of MEAs using
human visual alighment would not lead to high yield and low cost MEAs.

While automation provides the best repeatability and traceability of parts, it
generally takes thousands of stacks per year to cost justify fully automated
manufacturing lines. Inserting islands of automation in critical process steps is
sensible, but it is not clear if this practice is widespread. Semi-automated and
manual operations are common throughout the fuel cell industry to support the low
volume high mix nature of frequently changing designs. In some manual assembly
operations, process flow interlocks gated by barcode scanners are used to ensure
that product is processed in correct sequence and that manufacturing steps are not
skipped. This time stamps manufacturing process steps that can be related back to
historical process operating parameter logs.

It should be noted that an alternative stack sealing approach in practice by one
manufacturer may have implications for the MEA manufacturing process (i.e.,
relaxed tolerances). This manufacturer assembles all stack elements and seals in
one bulk operation after the entire stack is constructed (i.e., essentially potting the
stack in elastomeric sealant).

Bordered/Framed MEA

Bordered (or framed) MEAs facilitate easier precision registration or alignment
during subsequent stack building operation because the frame material is typically
of sufficient rigidity to support precision location on process tooling. This
construction is illustrated in cross-section in Figure 5-15.

Typical Seal Location
(Seal on Plate)

Figure 5-15: Bordered or framed MEA
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Note that it is typical to fully coat the CCM with catalyst, so considerable catalyst
area is obscured by the frame in this construction. This drives cost and reduces
performance for a given amount of catalyst. However, this MEA construction has
been found to be more durable than the edge-sealed (i.e., flush-cut) architecture
described below using currently available materials. It is generally accepted that
where stack life must exceed 20,000 hours in stationary applications, this
architecture would be used. This 20,000 hour figure is in a non-military application
and does not account for life-time de-rating for operation in harsh environments.

Edge-sealed or Flush-cut MEA

Edge-sealed (or flush-cut) MEA construction enables higher precious metal catalyst
utilization because nearly the entire CCM/GDL sandwich is available for reaction.
PEM membrane is coated with catalyst and then GDL is bonded to both sides of this
membrane. The sandwich is flush cut and an elastomeric sealant, typically fuel cell
grade silicone, is injected around the edge of the CCM/GDL sandwich. The sealant
impregnates the electrodes to prevent cross-over leakage, and it is designed such
that when compressed between the bipolar plates to achieve desired GDL
compression, that it seals against the plate to prevent over-board leakage. This
construction is illustrated in Figure 5-16.

Sealant Impregnation into GDE

GDL

Figure 5-16: Edge-sealed (or flush-cut) MEA construction

It is typical to extend molded seal material on each end of the MEA to
accommodate sealing of manifold passages in the bipolar plates. It should be noted
that these illustrations are not to scale and that actual catalyst waste was reduced
in one example by approximately 85% by moving from the frame-based
construction to the edge-sealed construction. This approach is favored for very
small, as well as high-aspect ratio (rectangular) MEAs in order to minimize the
amount of border area covering up electrode. As membrane hydration varies, and
because the membrane is constrained from expanding linearly into the sealant, this
construction may lead to additional stress that could cause the GDL to puncture the
membrane or drive the GDL into flow-field channels in the bipolar plate. This MEA
construction is typically considered for use in applications requiring less than
20,000 hours and where aggressive load (or membrane hydration) cycling will not
be experienced.
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Non-sealed MEA

One fuel cell manufacturer does not integrate seals in individual MEAs, but instead
performs the sealing operation after assembling the MEAs and bipolar plates into a
stack. This may impact MEA manufacturing by relaxing some critical parameters
(e.g., thickness or registration tolerances) related to sealing of hundreds or
thousands of surfaces found in a traditional stack.

Gaps and Issues

Membrane electrode assemblies and many other components in fuel cell
systems, are routinely over-designed. There are tighter critical parameters
than necessary such as dimensional or registration tolerances) due to a
lack of understanding about which critical process parameters ultimately
affect performance (i.e., durability, reliability, efficiency). This can have a
dramatic impact on the cost of tooling and process equipment necessary
to manufacture MEAs to such exacting specifications. It also leads to
considerable yield losses - many of which may cull functional MEAs from
service due to artificially restrictive specifications. Particularly troublesome
is that subjective visual inspection (by humans) is often used at various
points during the MEA manufacturing process in place of objective data
driven quality control (QC) decisions. Thus, perfectly functional MEAs are
sometimes eliminated for cosmetic reasons due to a lack of
understanding of critical parameters and a lack of measurement
capability. This is particularly relevant when considering on-line in-process
measures that could be used to correct process deviation or abort an
errant process.

There is widespread consensus that it is likely that some critical
parameters remain unknown, perhaps more critical than those used in
current MEA specifications. In other instances, they may be known but
difficult or impossible to measure on-line, at full process speed, in a non[]
destructive manner. This inhibits the understanding of how material and
process parameters ultimately relate to in-system MEA performance. This
ultimately is a cost driver in reduced yield and reduced system durability,
which in turn, increases total life-cycle costs for fuel cell systems.

Recommended Best Practices

MEA and other component critical parameters should be carefully
evaluated. Cross-functional development teams that bring together fuel
cell system designers with experienced manufacturing process developers
should be encouraged so that cost implications of design decisions and
tight tolerance specifications can be fully appreciated. “Throwing it over
the wall from design to manufacturing” does not work well in any field,
and it is especially unlikely to bear fruit in a field as interdisciplinary as
fuel cells.

Material and process tolerances should be relaxed wherever possible. It is
critical that thinking “that's my suppliers problem” be amended to a
broader team approach for appreciating cost implications up and down
the supply chain. The Japanese vertical modern keiretsu model (e.g.,
Toyota) for deeper partnerships in the fuel cell industry should be explored.
The gathering of subject matter experts for this report was a good first
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step toward such a cross-enterprise collaboration that also incorporated
defense and university perspectives.

It is necessary to quickly test subsystem components at high production
volumes, Leak testing and functional burn-in tests should be eliminated.
Measures at the MEA assembly stage that support this elimination are of
critical importance. Preliminary reports from W. L. Gore and Associates
should be investigated.

Reliably adhere GDLs to CCM (for low temperature CCM MEAs), It would be
beneficial to identify an improved manufacturing process for making this
bond, and it would be equally useful to develop a non-destructive test
metric that could be applied to confirm good bonds are being produced.

MEA High Temperature PEM

High Temperature PEM MEA fabrication shares many similarities with low
temperature MEA fabrication, although catalyst is introduced during GDE fabrication

rather than being directly applied to the membrane.

Please refer to the LTPEM for Current Best Practices, Gaps and Issues, and
Recommended Best Practices.

5.3. BIPOLAR PLATES

Within a low temperature Proton Exchange Membrane (LTPEM) fuel cell stack, the
second largest cost element is the molded graphite resin bipolar plate, ranging between
25% and 35% of the total stack cost (as illustrated in Table 5-2).

Component | Company A | Company B ‘ Company C
Bipolar Plate 25% 22% 35%
End plates 10% 10% 3%
Hardware 6% <10% 1%

Stack sealing

<10%

>10%

1%

Packaging

3%

<10%

<10%

Labor

15%

15%

10%

Table 5-2: Comparison of component costs

It is believed that the cost of the plate for HTPEM stacks will be a greater percentage
since these plates require two elevated temperature processing/treatment steps due to
the more corrosive environment in these stacks. In addition, if HTPEM stacks adopt the
cooling methods (i.e., circulating liquids such as water/steam or high temperature
coolants) used in a conventional phosphoric acid fuel cell (PAFC), it would add further
cost elements to the stack. There are several possible approaches to reduce the cost of

these parts:

LTPEM

o The rejection rate of molded graphite resin bipolar plates can add to the plate
cost. This rejection rate is caused partially by the plates not passing critical
design parameters (CDP) testing. Consideration should be given to modifying
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those CDPs, which could also allow the use of alternate graphite resin mixtures
that would facilitate easier molding. The impact of changing CDPs on the
overall cost of the stack and to the overall power plant life cycle cost should be
evaluated.

o The substitution of a metallic plate for a molded graphite resin plate would use
conventional manufacturing processes to lower cost. However, this would
require identification of a low cost metallic system, either plated or not plated,
which has long-term stability in LTPEM cells. Such an identification would be
considered a leading edge technology.

HTPEM

e The two heat treatment steps required to fabricate a HTPEM bipolar plate add
additional cost because of the cost of these individual steps and the increased
rejection rates associated with each step. As is the case for LTPEM bipolar
plates, modifying the CDPs might result in a reduction in plate rejection rate,
however, the impact of modifying these parameters on stack cost and overall
life cycle cost must be evaluated.

o The substitution of a resin bonded graphite plate, which does not require
multiple heat treatments steps, could also reduce the plate cost. This, however,
would require identification of a polymer which has long term stability in
HTPEM cells and can also be fabricated in a cost effective manner.

e The substitution of an alternative form of carbon, known as “glassy carbon,” for
the dual heat treated plate could also result in cost reduction.

e If the cooling techniques used in high temperature PAFC were utilized in
HTPEM, it would add additional parts such as a metallic cooler, graphite Teflon
cooler holder, and protective graphite plates. If air could be used as a coolant,
as is done in LTPEM cells, those elements could be eliminated. The use of air
cooling in conventional PAFC is problematic due to evaporation of the acid into
the air coolant stream leading to shortened cell life. Since HTPEM cells employ
PBI polymer (polybenzimidizole) embedded with PAFC, the vapor pressure of
the latter might be reduced. There are some data from industry which indicates
that is the case. The use or air cooling in high temperature PEM cells in the air
reactant channels could eliminate several stack parts associated with
water/steam, and liquid cooling. This requires verification of the vapor pressure
of phosphoric acid embedded in PBI as well as that in the electrode catalyst
layers utilized with PBI.

PEM Bipolar Plate

The use of graphite/resin combinations, either as molded or with added heat treatment
steps, are commonly used to achieve CDPs that maximize conductivity and power
density, while minimizing porosity, cracking, and issues with flathess/parallelism.

Low Temperature PEM Bipolar Plate

The bipolar plate in LTPEM fuel cells is typically resin bonded and is fabricated in either
of two methods known as “Compression Molding” and “Embossing”. In both cases, the
bipolar plate consists of a mixture of graphite and resin fabricated into the required form
to provide reactant flow fields and points of contact between the bipolar plate and the
electrode surfaces. These processes are depicted in Figure 5-17 and Figure 5-18.
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Current Best Practices

The compression molding process consists of the following steps:

e  Selection of the optimum graphite to resin mixture

e  Mixing to insure a uniform composition throughout the final product

. Inserting the mixture into a die contained in a press

e Closing the die and increasing its pressure and temperature to insure flow of
that mixture into all sections of the die

. Holding the die at temperature and pressure until the resin in fully cured

. Reducing the pressure and temperature

e  Ejecting the finished part

e  Surface finishing the part to remove any excess “flashing”

e Quality testing of the part to assess its ability to meet the required CDPs typical
properties such as thermal and electrical conductivity and gas permeability

° Rejection (scrap rate) or acceptance of parts based on the quality testing

[ - - - -

Figure 5-17: Low temperature bipolar plate compression molding process

The embossing process consists of the following steps as outlined in Figure 5-18.

Embossing a sheet of a flexible commercial graphitic material, such as
Grafoil®, with the required flow fields for the bipolar plate

Impregnating that plate with a resin to insure low levels of porosity
Curing the resin in the impregnated plate
Die cutting the cured part into several bipolar plates
Quality testing of the bipolar plate to assess its ability to meet the required
CDPs, such as thermal and electrical conductivity and gas permeability
Rejection or acceptance of parts based on the quality testing
Em_boss il Impregnate : Cut to
w;&?e:;lgw ] With ResIA —»  Cure Resin [ Shape B Test

Figure 5-18: Low temperature bipolar plate compression embossing process

Both of these processes result in a bipolar plate whose cost is a significant part of the
fuel cell stack cost. This high cost is caused partially by several factors:

Failure of the fabricated bipolar plates to meet the required CDPs results in
rejection rates (scrap rates) higher than desired.

The cost of the compression molding process which uses a less than ideal
graphite resin molding mixture required to meet the required CDPs. For
example, low resin content results in optimum thermal, electrical, and
permeability properties, but high resin contents are preferred for optimum
compression molding.
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An alternative approach to the use of resin-bonded graphite for bipolar plates is the use
of a metal such as stainless steel containing flow fields for reactant gas distribution
within each cell. Typically, materials such as stainless steel or nickel are used for
fabricating these plates. However due to the relatively corrosive environment within
LTPEM cells, these materials are typically unacceptable for long term use. The corrosion
of these materials can lead to holes on the bipolar plate, which result in mixing of the
reactant gases, increasing cell temperatures, and ultimately cell failure. In addition,
corrosion byproduct ions can react with the membrane material leading to its failure.

In order to protect the metal bipolar plate from corrosion, approaches such as coating
with corrosion resistant materials (such as gold), has typically been employed. An
alternative approach is to utilize a composite consisting of two metals that have good
corrosion resistance to either the cathode or anode environment. Earlier research by the
General Electric Company, under NASA sponsorship, identified tantalum and columbium
as materials with good corrosion resistance to the anode and cathode environments.

HTPEM Bipolar Plate

The bipolar plate, in high temperature acid and high temperature PEM fuel cells, is
fabricated using compression molding of a graphite resin mixture, followed by two heat
treatment steps, namely carbonization and graphitization (Figure 5-19). These two steps
are necessary to increase the corrosion resistance of the bipolar plate to address the
more severe environment in HTPEM. Flow fields during the initial molding are added by
machining the final graphitic plate.

Mix Resin/ Press Cure in Eject from
Graphite Mixture Press Press
Deburr - : - i S

and Test > Carbonize > Graphitize > Test

Figure 5-19: HTPEM bipolar plate compression process

Compression Molding: The compression molding process consists of the following steps.

Selection of the optimum graphite to resin mixture

Mixing to insure a uniform composition in the final product

Inserting that mixture into a die contained in a press

Closing the die and increasing its pressure and temperature to insure flow of
that mixture into all sections of the die

Holding the die at temperature and pressure until the resin is fully cured
Reducing the pressure and temperature

Ejecting the finished part

Surface finishing the part to remove excess “flashing”

Quality testing of the part to assess its ability to meet the required CDPs, such
as thermal and electrical conductivity and gas permeability

e Rejection and acceptance of parts
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Carbonization: The carbonization process consists of the following steps:

. Heat treatment of the bipolar plate to covert the resin into non-crystalline
carbon. This process must be done slowly with “holds” at one or more
temperatures to permit release of gaseous byproducts. Rapid release of these
byproducts would cause “blistering” of the plate.

e Quality testing of the bipolar plate to assess its ability to meet the required
CDPs, such as flatness.

. Rejection and acceptance of parts.

Graphitization: The graphitization process consists of the following steps:

. Heat treatment of the carbonized bipolar plate in a high temperature furnace
to convert the carbonized material into a crystalline graphitic material. This
process must also be done slowly to permit removal of any remaining volatiles
with a final hold at an elevated temperature to assure conversion of all the
carbon into graphite.

. Removal of any burrs.

e Quality testing of the bipolar plate to assess its ability to meet the required
design parameters, such as flatness, gas permeability, conductivity and in
some cases subscale corrosion testing.

. Rejection and acceptance of parts.

All these processes result in a bipolar plate whose cost is a significant part of the fuel
cell stack costs.

LTPEM Bipolar Plate Cooling

Low temperature cooling is achieved by bonding two bipolar plates, forming integrated
cooling channels between the plates. This process eliminates the need for additional
materials and provides an intimate cooling surface for controlling temperature in PEM
stack assemblies. This bonding process separates cooling water from the gas streams.
Failure of the bonding process can result in internal and external leaks. Internal leaks
interrupt gas flow distribution and shorten stack life. External leaks may cause electrical
shorts or corrosion of balance of plant components. Leak checking individual plates for
bond line leaks can be time consuming and add cost prior to stack assembly but can
identify failed components before building an entire stack.

HTPEM Cooling

Conventional high temperature phosphoric acid fuel cells are cooled by circulating a
water/steam mixture through a cooling plate assembly inserted every eight cells.
Because of the high pressure of the mixture at these temperatures, it must be contained
in high strength metal tubing. In order to protect these metals from acid corrosion, the
metals must be protected by a graphite/Teflon assembly. The molded mixture of
graphite/Teflon and stainless steel ensures thermal transfer of heat while preventing
acid corrosion of the cooling tubes and plate.

Gaps and Issues
LTPEM Bipolar Plate

Reducing the required CDPs results in potential issues and gaps for example:
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The impact of the reduction in CDPs on the cost and performance of other
components in the cell stack.

The impact of the reduction in CDPs on the cost of the total fuel cell power
plant and its resulting life cycle cost.

The identification of candidate metals and coating process which would result
in a cost effective metal separator plate. The identification of a metallic plate is
considered a leading edge technology (Figure 5-20).

Figure 5-20: Example of Metal Bipolar Plates

[Courtesy of Dana Corp.]

HTPEM Bipolar Plate

Reducing the required CDPs and identification of alternative materials result in potential
issues and gaps for example:

The impact of the reduction in CDPs on the cost and performance of other
components in the cell stack.

The impact of the reduction in design parameters on the cost of the total fuel
cell system and its resulting lifecycle cost.

The identification of candidate resins compatible with high temperature acid
that would permit the use of bipolar graphite resin plates in HTPEM cells.
Identification of resins suitable for use in HTPEM cells is considered a leading
edge technology.

The use of bipolar plates consisting of an alternative form of carbon could
result in cost reduction however, this form of carbon is extremely brittle and the
impact of its mechanical properties on stack design should be evaluated.

Low Temperature PEM Bipolar Plate Cooling

The identification of candidate metals and coating processes that would result
in a cost effective metal cooling plate. The identification of a durable, low cost
metallic plate is considered critical to achieving affordable bipolar plates,
especially in the automotive sector.

HTPEM Cooling

Conventional phosphoric acid fuel cells cannot be easily air cooled because of
evaporation of phosphoric acid into the cooling stream. Will phosphoric acid
evaporate less in a HTPEM due to the physical and chemical properties of the
acid in the membrane permitting the use of air cooling?
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Recommended Best Practices
LTPEM Bipolar Plate

o  Consider reducing the required CDPs to allow a higher acceptance rate of the
bipolar plates after quality testing.

e Use higher resin content in the graphite resin mixture to permit more optimum
molding properties which could reduce the press cycle time. This change in
resin content would probably require a change in the CDPs.

o Identify potential metals and coating materials which could be used to
fabricate metallic bipolar plates, such as tantalum and columbium, for use as a
substitute for the graphite resin plates which are the current best practice. The
US Department of Energy, Energy Efficiency is funding such a program [20]-

HTPEM Bipolar Plate

o Identify cost effective potential resins compatible with high temperature acid
to permit elimination of the carbonization and graphitization steps, and use of
a resin/graphite bipolar plate directly in the HTPEM cell.

HTPEM Cooling

e Air cooling is preferred.
o Eliminate or reduce the water/steam cooler assembly to reduce the cost of a
HTPEM stack.

Adjust Quality and Performance Requirements to Reduce Fuel Cell Capital Cost

Fuel cells have typically been designed to meet a given set of application performance
requirements such as power density and efficiency. This has resulted in fuel cells which
meet the application requirements but whose cost is high. A recurring theme is to
consider reducing the performance requirements in order to reduce initial cost.

Reducing these requirements could result in a reduction in the cost of the individual
components contained in fuel cells, and therefore the overall cost of the fuel cell.

Examples include:

e Bipolar plates: Typical bipolar plates design requirements include such
properties as electrical and thermal conductivity, gas diffusion, mechanical
strength, and life. While the specific required values for these parameters have
been calculated based on meeting the application requirements, the impact of
reducing these requirements on the cost of the plate has not been determined.
For example, a reduction in the design requirements of gas diffusion could
reduce manufacturing cost by decreasing scrap rate. Another example is to
decrease the design requirements of electrical and thermal conductivity. This
could permit the use of more resin in the plate which could reduce the
manufacturing cost by reducing the time required in a compression molding
process which is typically used to fabricate the plates.

e MEA: Typical MEA design requirements include power density, efficiency,
mechanical strength, porosity (“holes”), and gas diffusion. While the impact of
changing these parameters on fuel cell performance and life has been
quantified by a number of investigators, the impact of reducing these
requirements on cost has not yet been fully quantified. For example, increasing
the allowable gas diffusion rate would reduce efficiency but could also reduce
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manufacturing cost by lowering scrap rate or by simplifying the manufacturing
process.

o  Fuel Processor: In order to meet application requirements, the fuel processor
efficiency and life are maximized. An example is the need to remove the
carbon monoxide in a fuel-processing stream to very low levels, typically 5 ppm
or less. This can result in complicated control strategies to insure these
concentrations during electrical transients. Increasing the allowable carbon
monoxide concentrations could result in system simplification and reduced
cost.

PROPOSED PROJECTS FOR POLYMER

Note - Enhanced descriptions of project proposals can be located in the Appendix A

5.4.1. Manufacturing Trade-Off Analysis on Raw Material

Develop a robust manufacturing process that relies more on design quality than
removing defects through incoming inspection. By relaxing tolerances on in-coming
raw materials, competition, lower cost, and higher first pass yields are achieved.
Incoming raw material inspection, inspection tooling, and costs can be reduced or
eliminated by relying on supplier certification of analysis. Efforts to manufacture
hygroscopically robust membranes could also be linked to projects that are not
currently within the Manufacturing Fuel Cell Manhattan Project.

Problem Solved (Gap)
. Need to move from decal transfer methods

. Need for direct printing of catalyst onto membrane
. Develop robust methods of printing ink on moving web
o Need to maximize catalyst utilization

Benefits Derived

. Reduce raw material cost because reduced tolerances on in-coming raw
materials enable competition and lower cost as well as supply chain
assurance.

e Customer ultimately achieves higher first pass yield and may be able to
minimize inspection tooling and cost.

e  Customers operate a more robust manufacturing process.

Resources Needed
e  Project investment of $4.8 M

Timeline to Completion
e Two years

5.4.2. Develop a Process for 0.15 mg/cm2Total Pt Loading

Platinum cost is the current principal cost driver for MEA that cannot be reduced
with volume because platinum spot pricing is not only uncontrollable, but generally
high and increasing. Successful project completion will minimize platinum usage
(and thereby cost) and potentially improve first pass catalyst coated membrane
(CCM) yield.

This project will develop a robust manufacturing process that produces anode and
electrodes with a Pt total loading <0.15 mg/cm2. The electrodes will be created
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with commercially available materials using a robust process and high volume
commercially available manufacturing equipment. Quality assurance measuring
equipment will also be developed.

Problem Solved (Gap)

. Lack of transfer functions relating critical product, raw material and
process parameters to performance and durability
Lack of understanding of effects on MEA performance of perceived defects
in PBI membrane for HTPEM and GDL/GDE
e The need for in-line nondestructive real-time QC measurements of critical
properties
Supplier and customer information is hard to obtain
Cut yield loss from fabrication process by relaxing release specs of
ionomer dispersions and membrane properties

Benefits Derived
e Save $3.0 M in catalyst cost
e  Potentially improve first pass CCM yield

Resources Needed
e  Project investment of $4.8 M

Timeline to Completion
e Two years

5.4.3. Development of Patch Coating Methods for Catalyst Inks

The objective of this project is to lower the cost of framed MEA designs by
developing patch coating methods to deposit catalyst only in design active areas. In
present designs, both the GDL and the catalyst coated membrane are sandwiched
between framing materials. A seal is cast either onto the frame or onto the plate
assembly. Upon subsequent assembly, there can be a considerable amount of in[]
active and wasted catalyst under the frame. Catalyst that is patch coated only in the
design active area. Will result in a significant cost savings. This project will develop
viable patch coating methods.

Problem Solved (Gap)
e  Current manufacturing techniques result in deposition of catalyst outside
the active area

Benefits Derived
e Asignificant cost savings can be realized by using less catalyst
e 15% reduction in the manufacturing cost of the MEA

Resources Needed
e  Project investment of $2 M

Timeline to Completion
e  Two years
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5.4.4. Elimination of the Decal Transfer Process
(A) Development of Coating Slot Die Process

This project will reduce the cost of the catalyst coated membrane by
developing direct coating slot die processes that are scalable to high volume
manufacturing.

Problem Solved (Gap)

e One of the largest cost drivers in a LTPEM stack is the catalyst.
Because of this, current state-of-the-art designs utilize low-loaded
catalyst layers ranging in thickness from 2 um (on the anode) to
10 um (on the cathode). A majority of manufacturers have found that
coating catalyst inks against a film, as opposed to coating on a GDL,
offers advantages for thin layers. Films present very consistent
surface roughness, surface energies, and handling characteristics
compared to GDLs.

e A technological hurdle exists, however, when coating inks against a
Nafion membrane: the Nafion membrane absorbs water and swells
and wrinkles. It does not return to its original flat and stable state
after the ink is dried during a subsequent heat treatment step. To
mitigate this, catalyst ink layers are first coated on release films,
dried, and subsequently decal transferred to the membrane using
lamination methods.

e Decal transfer release films and labor add $36.40/kW (or 12%) to the
cost of a 10 kW fuel cell stack. Developing methods to enable the
direct coating of catalyst layers against the membrane will enable
this 12% cost reduction.

Benefits Derived
e  Elimination of decal transfer labor
e  Elimination of release/backer films
° Increase catalyst utilization by 5%
e  12% reduction in the cost of a 10 kW fuel cell stack

Resources Needed
e  Project investment of $1.6 M

Timeline to Completion
e  Oneyear

(B) Direct Coated Layers on GDL

There is a cost associated with the release film, and as with any process step,
an associated yield that is nearly always less than 100%. The reduced yield is
carried through the entire process and contributes to increasing the overall
cost. Additionally, labor associated with handling, laminating the electrodes on
release film is considerable, and there is specific scrap associated with
electrode material that does not transfer from the release film to the
membrane. All of these reasons serve to increase the cost of the MEA. One way
to eliminate the release film is to coat the catalyst-containing ink directly on
the GDL, thus forming gas diffusion electrodes (GDE). Subsequently, the anode
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and cathode GDE is directly laminated with the membrane, forming the final
MEA.

Problem Solved (Gap)
e  Catalyst release film required for coating catalyst on GDL adds labor
and material cost

Benefits Derived
e The baseline cost savings includes material and labor associated with
elimination of the release film, and a 5% yield improvement on the

catalyst

Resources Needed
e  Project investment of $2.7 M

Timeline to Completion
e Two years

5.4.5. Develop Paper GDL for High Temperature PEM (HTPEM)

This project will reduce the cost of the HTPEM MEA (membrane electrode assembly)
by substituting a properly engineered paper GDL for the fabric GDL. This substitution
is anticipated to have at least a 50% savings in the cost of the GDL; 30% by
switching from a fabric to a paper and 20% by reducing the associated process
coating steps necessary to form the GDE.

Problem Solved (Gap)
e To reduce the cost of the HTPEM MEA by substituting a properly
engineered paper GDL for the higher cost fabric GDL currently used
. Eliminate the issues associated with semi-flexible or woven GDLs such as
stretching, wrinkling, flexing, and cutting that affect yield

Benefits Derived
e  The reduction in GDL cost by switching to a paper substrate will be at least
30%
e A reduction in process coating steps may realize savings of an additional
20%

Resources Needed
e  Project investment of $3.2 M

Timeline to Completion
e Two years

5.4.6. Develop Continuous Mixing Process

The objective of this project is to improve catalyst utilization by reducing the amount
of platinum lost in the manufacturing process, specifically in the ink mixing process.
The reduction is achieved by minimizing scrap losses through the replacement of
batch processing of catalyst inks with in-line mixing and the associated reduction in
labor. Moving to in-line mixing will also improve the consistency of the catalyst ink.
Substituting an in-line mixer instead of a batch processor will allow the total ink
volume made for a given run to more accurately match the amount needed to
complete the run, thus eliminating the “unused” solution that is typical of ink made
in batch processes. Catalyst inks have a short shelf-life and therefore the “unused”
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ink typically cannot be saved for later use. In addition, there is a 30% reduction in
labor costs in moving from batch processing to inline mixing due to shorter mixing
times. Another advantage of in-line mixing is improved batch uniformity whose
properties can be continuously monitored for consistency.

Problem Solved (Gap)
. Minimize scrap losses through the replacement of batch processing of
catalyst inks with in-line mixing and the associated reduction in labor
. Eliminate batch to batch inconsistencies

Benefits Derived
e A 5% increase in catalyst ink utilization
e Reduction in touch labor of 30%
e  Cost savings of $16.6/kW based on a 10kW system

Resources Needed
e  Project investment of $2 M

Timeline to Completion
e 23years

5.4.7. Improve Ink Mixing Process

The current best practice for producing a polymer membrane electrode assembly
(MEA) includes coating a catalyst-containing ink onto a substrate. The ink is a
complex system, containing a dispersed catalyst on carbon, a proton conductive
polymer, at least one solvent that may include water and various alcohols, and
potentially a variety of additives. The ink is commonly characterized using various
metrics, including viscosity, solids content, and particle size distribution. It is not
uncommon to find that a batch of catalyst ink results in a coating with defects. Two
of the more common defects include bumps and voids in the coating. Although
coating defects are necessarily an interaction between the coating substrate and
the ink, it is believed that if the ink were more robust, then these defects could be
avoided. Since the defects can sometimes occur even when the measured
properties of the ink are within process specification limits, it is apparent that one
or more critical properties of the ink are not being measured or controlled. This
project will determine and then develop control methods for the critical ink
properties that can lead to two of the most common coating defects: bumps and
voids.

Problem Solved (Gap)
e  Bumps and void coating defects cause additional scrap

Benefits Derived
e  10% yield improvement on the catalyst

Resources Needed
e  Project investment of $1.0 M

Timeline to Completion
e Oneyear
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5.4.8. Process Development for Mitigation from Discrete to Continuous MEA
Fabrication

This project facilitates migration from discrete component handling (currently
performed manually or with automated discrete part handling), to automated
systems that handle continuous materials for more rapid MEA fabrication. Efficiency
gains are anticipated if material continuity can be maintained and carried forward
into the stack assembly process as well. In many cases, this alleviates the need to
reacquire component orientation or registration and allows materials to feed into
the process quicker than when handling discrete parts. It is important to identify
current commercial best practices for manufacturing one (or more) fuel cell MEA
architectures. Critical manufacturing process parameters and registration
tolerances must be identified and capabilities of known web handling and
alternative fuel cell MEA fabrication approaches must be characterized.

Problem Solved (Gap)

e Develop underlying manufacturing methods to move from discrete part
handling to continuous material handling in PEM MEA manufacturing,
thereby facilitating higher throughput and more efficient stack assembly
material handling.

e Develop methods to perform automated stack leak testing both in-situ
during stack assembly and post-assembly as a quality control measure.

Benefits Derived
e  Reduce labor
e Improve consistency
e  Cost savings is $67/kW on a 10 kW MEA

Resources Needed
e  Project investment of $2.2 M

Timeline to Completion
e  Three years

5.4.9. Develop Precious Metal Gradients Across Membranes

Non-uniform catalyst loading may improve overall MEA performance by reducing
the current density variation across the membrane. This project will develop a
manufacturing process that can deposit spatially varying quantities of catalyst
across a PEM GDE or CCM. This will lead to MEAs with less platinum-group metals
(PGMs) loading but comparable performance to homogenously catalyzed MEAs. As
reactants flow from inlet to outlet through a bipolar plate (BP), they are consumed,
creating a reactant concentration gradient on the surface of the fuel cell membrane
with the highest concentration at the inlet and lowest concentration at the outlet.
Traditional gas diffusion electrodes (GDE) and catalyst coated membranes (CCM)
have a homogenous catalyst loading across the membrane surface. This does not
account for changes in reaction rate caused by reduced reactant partial pressures.
Consequently, a spatially varying reaction rate across the membrane is expected to
adversely impact fuel cell durability and reliability.

Problem Solved (Gap)
e  Reduced catalyst utilization
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. More effective catalyst utilization (put it where it's most needed)

Benefits Derived
. Reduces catalyst use

Resources Needed
e  Project investment of $1.6 M

Timeline to Completion
e Two years

5.4.10. Reduce Critical Design Requirements and Defect Rejection Criteria

This project will quantify the impact of changing critical design parameters (CDP)
and defects on the cost of the fuel cell stack and power plant components and their
performance. Through discussions with their suppliers, fuel cell stack/power plant
manufacturers (SPPM) will quantify the relationship between typical component
CDP and defects on manufactured cost of that component. With that information,
the fuel cell SPPM will determine the impact of changing that critical design
parameter or accepting certain defects on fuel cell stack/power plant cost and
performance. Through additional discussions with fuel cell stack/power plant
purchasers, the fuel cell SPPM will determine if changing the fuel cell stack/power
plant performance and cost will impact the buying decision of the purchaser.

Problem Solved (Gap)
e The relationship between typical component CDP and defects on
manufactured cost of that component are not known
e The impact of changing that critical design parameter or accepting certain
defects on fuel cell stack/power plant cost and performance is not known

Benefits Derived
e Accepting certain “defects” the fuel cell stack/power plant manufacturers
(SPPM) may be able to reduce the cost of the fuel cell stack/power plant
e Clearly define acceptable from unacceptable product
e  Minimize unnecessary testing of noncritical parameters

Resources Needed
e  Project investment of $4 M

Timeline to Completion
e Two years

5.4.11. Development of a Low Cost Resin Suitable for HTPEM Bipolar Plates

This project will develop a low cost bipolar plate to replace the heat treated
(carbonized and graphitized) plates presently used.

Problem Solved (Gap)
e  Cost of high temperature PEM bipolar plates

Project Description
e Develop a low cost bipolar plate to replace the heat treated (i.e.,
carbonized and graphitized) plates presently used
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Benefits Derived
e A resin compatible with the environment in HTPEM cells would eliminate
two heat treatment steps (carbonization to convert the phenolic resin into
carbon and a further higher temperature step to convert the carbon into
more corrosion resistant graphite)
. Reduce the bipolar plate processing costs by $130/kW for a 10kW system

Resources Needed
e  Project investment of $600,000

Timeline to Completion
e  Oneyear

5.4.12. Measurement of Vapor Pressure of Phosphoric Acid over HTPEM

This project will determine if the vapor pressure of phosphoric acid over the HTPEM
is low enough to enhance the air cooling of HTPEM cells or to reduce the number of
cooler arrays if steam cooling is utilized. In addition, a lower vapor pressure may
permit higher operating temperatures.

Problem Solved (Gap)
e  Expensive and complex cooling of HTPEM cells

Benefits Derived
. Reduced vapor pressure may permit higher operating temperatures
e Reduce high cost cooling methodologies used in conventional phosphoric
acid fuel cell (PAFC)
. Potential cost reduction due to simplified cooling
e  Potential increase in the output of the fuel cell

Resources Needed
e  Project investmentof $ 1 M

Timeline to Completion
e Oneyear

5.4.13. Development of Metallic Bipolar Plates for LTPEM

This project will identify candidate metals and protective coating processes that can
use low cost metallic plates as a replacement for the molded graphite resin plates.

Problem Solved (Gap)
. Reduce the cost of LTPEM bipolar plates by substitution with metallic
plates

Benefits Derived
e Reduced cost weight and volume
e Alow cost separator plate would decrease the cost of the stack
e Molded graphite plates are too high in cost to meet the low cost goals of
transportation applications
e The physical dimensions of molded graphite plates do not meet the
volume requirements of a transportation fuel cell

Resources Needed
e  Project investment of $ 500,000



Timeline to Completion
e  Oneyear
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Ceravalce
Manufacturing of Solid Oxide Fuel Cells
6.1. INTRODUCTION

A solid oxide fuel cell (SOFC) is an electrochemical conversion device that produces
electricity by directly oxidizing a fuel. Features that distinguish SOFC fuel cells from other
fuel cells include a higher operating temperature range (500 °C to 1000 °C) and the use
of a solid oxide or ceramic electrolyte material. Instead of conducting protons through a
polymer electrolyte like a PEM fuel cell, SOFCs use the solid electrolyte to conduct
negative oxygen ions from the cathode to the anode, where they react with the fuel

The MFCMP considered solid oxide fuel cell stack designs for three power ranges: 50 W
to 500 W, 500 W to 10 kW, and 10 kW to 250 kW. Additionally, three primary types of
solid oxide fuel cell stacks were selected for consideration in this study. These include
anode-supported tubular, anode-supported planar, and electrolyte supported planar. The
primary advantage of tubular stack designs is that sealing is very straightforward,
although electrical interconnection is challenging. The advantages of planar designs are
related to the relative simplicity of electrical interconnection, although sealing is the
primary technical challenge. A summary of the attributes of these three designs is
provided in Table 6-1, and schematics of planar and tubular stack designs are provided
in Figure 6-1 and Figure 6-2. Electrolyte supported stacks will be discussed in the
subsequent planar sections.

Anode-Supported Tubular | Anode-Supported Planar | Electrolyte-Supported Planar

System size range:
50 Wto 10 kw

System size range:
500 W to 250+ kW

System size range:
500 W to 250+ kW

High energy density for
small systems (<500 watts),
energy density decreases
with increasing system size

High energy density for
2+ KW systems

High energy density for
2+ KW systems

Sealing is relatively
straightforward

Sealing is challenging
with respect to complexity
and cost

Sealing is challenging, but
less so than anode-supported
planar designs

Gas manifolding is
straightforward

Optimum gas manifolding
requires careful design and
modeling

Optimum gas manifolding
requires careful design and
madeling

Electrical interconnection
is a critical challenge

Electrical interconnection
is relatively straightforward

Electrical interconnection
is relatively straightforward

Cathodes usually are not
exposed to high levels of
chromium

Cathodes can be exposed
to chromium (metallic
components need to

be coated)

Cathodes can be exposed
to chromium (metallic
components need to

be coated)

Anodes are poisoned
by low levels of sulfur

Anodes are poisoned by low
levels of sulfur

Anode material flexibility
offers opportunity to
incorporate sulfur-tolerant
anode materials [1]

Table 6-1: Attributes of competing SOFC stack designs

(11
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Figure 6-2: Schematics of tubular solid oxide fuel cell stacks
[Courtesy of Acumentrics]

Solid Oxide Fuel Cell Application Areas

Solid oxide fuel cell systems which operate in the 50 W to 500 W power range are
generally based on tubular stack designs rather than planar because non-repeat units
(manifolds and compression systems) are relatively heavy in planar stacks. This means
that planar stacks are not competitive when weight is used as a primary metric. Systems
of this size have many potential military applications, including battery chargers,
auxiliary power units, and power sources for unmanned vehicles (UAVs and UGVs).
Commercial applications include power supplies for recreational vehicles and sailing
vessels.

Solid oxide fuel cell systems which operate in the 0.5 kW to 10 kW range generally have
either a tubular or planar geometry. Typical potential applications include distributed
power household or industrial power, military applications such as backup generators
utilizing logistical fuel, auxiliary power units (APU) for military and commercial vehicles,
and in the longer term, micro-combined heat and power (micro-CHP) units for homes.

Solid oxide fuel cell systems which operate in the 10 kW to 250 kW range generally can
be based on tubular or planar stacks. Within the military, potential markets include large
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auxiliary power units, power for tent cities, and distributed power generation on ships.
Numerous commercial applications exist including distributed generation, combined
heat and power systems for industrial facilities and hotels. Planar stack producers in
particular are moving into this space. For example, two SOFC OEMs are working together
to scale their planar SOFC technology to 250 kW scale systems.

Solid Oxide Fuel Cell Material Sets

Regardless of cell design, essentially the same materials sets are used in the
manufacture of solid oxide fuel cells. A comprehensive list of various SOFC materials is
provided in Appendix A. The more common SOFC materials sets are described below.

e Electrolyte Materials - The most commonly used ceramic electrolyte material is
yttria-stabilized zirconia (YSZ), which has the formula: (ZrO2)1.x(Y203)x. The most
common YSZ electrolyte material has 8 mole percent Y203 and is referred to as
YSZ-8. YSZ electrolyte compositions with lower yttria content (e.g., YSZ-3) also
are used. In general, there is a trade-off between higher ionic conductivity for
higher Y203 doping levels and higher mechanical strength for lower Y203
doping levels. Scandia stabilized zirconia (ScSZ) also has been used with Sc203
doping levels between 6 and 10 mole percent. ScSZ offers significantly higher
ionic conductivity, but is significantly more expensive than YSZ. Gadolinium and
samarium doped ceria (GDC and SDC) materials cannot be used as the
electrolyte membrane because they have finite electronic conductivity at SOFC
operating temperatures. However, SDC and GDC often are used as interlayers
between the electrolyte and electrode layers, and also as additives for both
anode and cathode materials.

e Anode Materials - The most commonly used anode materials are made from
composites of nickel oxide and an electrolyte material (YSZ, ScSZ, SDC, and
GDC). The anode material needs to be formed such that it has sufficient
porosity to allow fuel reactants (H2 and CO) to the electrolyte interface and
oxidized products (H20 and CO2) away from the electrolyte interface. The
anodes are formed with nickel oxide in its fully oxidized state, with the nickel
oxide being reduced to its metallic state during the stack-conditioning step.

e Cathode Materials - A number of different materials are used as the cathode
material in solid oxide fuel cells, most of which are perovskite structure
compounds with the general formula (La1xSrx)BOs (where B is one or more
transition elements such as manganese, iron, and cobalt. The most common
cathode materials are (La,Sr)MnO3s (LSM), (La,Sr)FeOs (LSF), and La,Sr(Co,Fe)03
(LSCF). The cathodes are also applied as porous coatings to allow diffusion of
air to the electrolyte interface and diluted air (nitrogen) away from the
electrolyte interface.

The above materials are typically purchased from suppliers, although some SOFC stack
manufacturers produce their own materials. There are well established sources of YSZ
electrolyte and nickel oxide (NiO) powders. The other SOFC materials (ScSZ, GDC, SDC,
LSM, LSF, and LSCF) are typically made in low volume production runs by specialty
ceramic powder houses.



Process Groups

Powder preparation for
forming Processes

7

‘ Specific Processes (P - planar, T - tubular, U - unspecified)

1. Ball milling, filtering, calcining or drying (P, T)
2. Wet powder spraying (P)

Powder preparation for:
(1) deposition onto formed
component with sintering
(2) PVD processes

1. Ball milling, filtering, calcining or drying (P, T)
2. Triple roll milling, filtering, calcining or drying (P)

Component formation without
requiring subsequent firing

1. Chemical vapor deposition (CVD) (P, T)

2. Electrochemical vapor deposition (EVD) (T)

3. Interconnect metal formation and shearing (P)
4. Interconnect layup (P)

5. Magnitron sputtering (PVD) (U)

6. RF sputtering (PVD) (P)

Component formation
requiring subsequent firing

1. Compaction

2. Extrusion (P, T)

3. Slip casting (P)

4. Tape calendering (P)
5. Tape casting (P)

Deposition onto formed
component requiring
subsequent firing

1. Flame assisted vapor deposition (U)
2. Dip coating (P)

3. Electrophoretic deposition (EPD) (U)
4. Painting/pasting (P)

5. Pulsed laser deposition (PLD) (U)

6. Screen printing (P)

7. Slurry spraying (P, T)

8. Sol gel (P)

9. Spray pyrolysis (U)

10. Transfer printing (U)

11. Vacuum plasma spraying/Thermal spraying (P, T)

Heating

1. Calcining (P)
2. Sintering (P, T)
3. Drying (P)

Forming and cutting

1. Laser cutting (P)

2. Blanking/slicing, stack calending (P)
3. Diamond grinding (P)

4. Roll calending, blanking/slicing (P)

Table 6-2: SOFC cell manufacturing processes
[2]

A number of ceramic manufacturing processes have been used in the manufacture of
solid oxide fuel cells of planar and tubular configurations. A comprehensive list of these

processes is provided in Table 6-2. The manufacture of planar and tubular SOFC cells is
discussed separately below.

6.2. PLANAR SOFCs
Manufacturing Overview

Planar solid oxide fuel cell stacks are made with two types of cells differentiated
primarily by the material (anode or electrolyte) which provides the primary mechanical
support for the cell. Anode supported cells comprise a relatively thick porous anode layer
(300 1 to 1000 u thick), a thin and dense electrolyte membrane layer (10 p to 20 pu
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thick), and a thin porous cathode layer (20 u to 40 p thick). Conventional electrolyte
supported cells are made with a relatively thick and dense electrolyte membrane layer
(150 p to 300 p thick) with thin and porous anode and cathode layers (20 p to 40 pn
thick). These cells typically are made using traditional ceramic fabrication methods,
including tape casting, screen printing, spraying, and sintering methods; the specific
processes used for each layer vary with the specific design and manufacturer. Tape
casting (Figure 6-3) and screen printing are especially important unit operations in the
manufacture of planar SOFC cells.

o

Ceramic Powder B S\ & Binder and Additives
Mixing
. 4 Homogenizing
- / - T —
I sonvent Slurry Pump

Take-up Reel

Y

Evaporated Solvent Doctor Blade

To Additional
Processing

Drying  Flexible Tape

1\

Dry Tape

Slurry Container

Carrier Fllm

Support Table

Figure 6-3: Schematic of tape casting process for making green tape layers

Examples of planar cell manufacturing processes are shown in Figure 6-4, Figure 6-5,
and Figure 6-6. At the current technical maturity and manufacturing scale, the cost of
planar cells constitutes a significant fraction of the solid oxide fuel cell stack. Much of
this cost is due to the current high cost of the ceramic materials (anode, cathode, and
electrolyte materials), and labor for executing the various manufacturing and quality
control steps. In addition, many of the unit operations are amenable to recycling of
unused material, but this isn’t always done. Current cell manufacturing yields (>90
percent) are acceptable for the scale and labor intensity of cell production. Higher
production volumes and aggressive cost targets would necessitate implementation of
recycling processes.
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Cathode Powder Anode Powder Electrolyte Powder
(LSM, LSF, LSCF, etc.) (NiIO/YSZ) (Y.0s-stabilized Zr0,)
. Prepare anode tape .
Prepare cathode ink Bt Prepare electrolyte ink
" = Anode deposition
Tape cutting - (screen printing)

Y

- Cathode deposition

(screen printing)

Y

Cosintering

Y

Completed planar cell

Figure 6-4: Fabrication of anode-supported planar cells by co-sintering of anode,
electrolyte, and cathode layers

Anode Powder Electrolyte Powder Cathode Powder
(NiO/YSZ) (Y.0sstabilized Zr0.) (LSM, LSF, LSCF, etc.)
Y Y Y
Pre(pt:;):ir;:gié)ape Prep?{:p‘ze;?;fg)e taps Prepare cathode ink
Y Y
s g o
Y Y
Lamination Cathode annealing
Y Y
Co-sintering Completed planar cell
Anode/e*!ectrolyxe

bi-layer membrane

Figure 6-5: Fabrication of anode-supported planar cells by co-sintering of anode and

electrolyte layers, followed by deposition of cathode layers
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Electrolyte Powder
(Y.0s-stabilized Zr0,)
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Anode-coated
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Figure 6-6: Fabrication of electrolyte supported planar cells by fabrication of electrolyte
membranes, followed by separate deposition steps for anode and cathode layers

The execution of continuous processes to reduce labor in cell manufacturing is precluded
due to the current low manufacturing scale. As an example, It takes considerable time to
collect statistical process data required for reducing inspection cost at low production
scales. Safety and environmental compliance is required for anode and electrolyte
processes requiring non aqueous solvents like toluene and xylene. As production scale
increases, it may be difficult to obtain regulatory approval for installation of
manufacturing processes where large volumes of solvents are used. This mandates a
switch to aqueous based tape casting processes that involves extremely challenging
process development. For the most part, the currently used manufacturing processes for
planar cells can be scaled to large-scale manufacture with a substantial reduction in cost
associated with high volume production.

Some level of cost reduction can be achieved by combining unit operations (e.g., col]
sintering of anode and cathode layers for electrolyte supported cells). However, such
approaches must be implemented without compromising performance. In the case of
planar cells manufactured by tape casting, there is a significant amount of cut tape that
can be recycled. Currently, planar cells are subjected to 100 percent inspection at
multiple steps in the manufacturing process. The automation or elimination of manual
inspection will help limit the amount of testing needed and provide a robust statistical
basis for determining the frequency of sampling.

6.2.1. Stack Assembly Commissioning and Testing

When viewed from a manufacturing perspective, the largest, single manufacturing
cost driver for SOFC stacks is in the final commissioning and testing stage, either at
a stack level or a final system level. Stack suppliers will no doubt be required by
their customers to verify a specified level of electrochemical performance prior to
stack or system shipment. The capital required to commission and perform
acceptance testing of stacks is a considerable fraction of the total stack cost. There
is a real need to get the cost of the commissioning and testing steps down, with
reliable, affordable, production robust stands.
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Current Best Practices

Currently, suppliers of planar stacks and SOFC systems are generally at prototype or
low volume levels of fabrication. As such, program spending still needs to be
apportioned to create a proper balance between engineering and development
needs and those of manufacturing and manufacturing development. Stack
assembly is largely done by hand, with an absence of high volume, automated
assembly equipment. This necessarily makes the stack assembly operations labor
intensive. The final stacks (Figure 6-7) are comprised of a large number of repeat
and non-repeat components that are simply stacked together as building blocks.

IO 4 < Repeat Unit
— Interconnect
—— S <——RUSeal

‘*—"‘

Cell Frame:
Assembly

Separator-
Plate

Contact Paste-

Figure 6-7: Final stacks are a large number of components stacked together
[Courtesy of NexTech Materials (left); Courtesy of Delphi (right)]

After the planar SOFC stack is assembled, it is placed into a furnace and brought up
to a high temperature. The required temperature is based upon the various
manufacturers’ needs for debindering, achieving proper contact with any applied
interconnect pastes, anode reduction, and seal requirements. Typically, a stack is
ramped up to the required temperature, reduced, performance tested (when the
stack is reduced and electrochemically active)) and ramped back down in
temperature in a single, high temperature stand. The process of commissioning the
stack (making it electrochemically active) and completing the requisite acceptance
testing typically can take a day or longer. Stack acceptance testing conducted on
the as-built stack can take a variety of forms, and may include polarization testing,
fuel utilization, load profile and cycling, thermal cycling, or other functional tests to
assure acceptable stack performance. Sample performance curves, generated on
as-built planar SOFC stacks are shown in Figure 6-8.
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Figure 6-8: Sample performance curves, generated on as-built planar SOFC stacks
[3]
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The stands used for stack builds, commissioning, and acceptance testing are
typically useable for other development testing needs. They tend to be expensive
capital items, due in part to the stack build requirements and to the testing
requirements. Stand requirements generally include, but are not limited to, the
following.

A wide breadth of functions (process, characterize, and perform the
product development/validation testing)

High temperature materials

Safety requirements (product and personnel)

A flexible platform to allow for new tests to be performed or developed
(software costs)

Depending on the size of the stack being commissioned and the requirements
noted above, the stands typically cost $100,000 minimum.

Gaps and Issues

Robotic stack assembly equipment is expensive and currently
unaffordable at today’s low volumes. Each company has needed to assess
its spending needs and the mix of funding directed to
engineering/development and to manufacturing/development. For much
of the industry, it is believed that stack assembly is largely done by hand,
with an absence of high volume, automated assembly equipment. Until
volumes ramp up toward production, funding has been better spent on
product development and manufacturing development as opposed to
capital equipment for volume production.

The capital investment required for the stack commissioning and
acceptance testing is a substantial fraction of the total capital required to
build stacks in high volume stack production, Stands may be expected to
cost up to $100K and more. One industry estimate places the investment
in commissioning and test stands to be approaching a third of the total
stack capital investment required for high volume production. Additionally,
the high temperature commissioning and acceptance testing of a stack
may take a day or more to complete. The long cycle time results in a low
throughput of qualified stacks from expensive capital equipment.
“Assembly of the stack module and its quality control represent about ten
to fifteen percent of the total direct manufactured cost of the module. This
is mostly due to the QC cost, which must be carried out on each stack
module and which takes about twelve hours to complete (includes heat
up, reduction of the stack and a full battery of functionality tests).” [3]
“Higher utilization of production equipment capacity in the ceramics
production line reduces the capital cost distribution. Limited scalability of
the equipment can reduce the capacity factors from about 80% for or
more for all process units at 250 MW/yr. down to as low as 10-20% for
some of the process equipment when the production is 5 MW/yr.
Consequently, the capital cost has to be amortized over a smaller
production, raising unit cost. Partially, this is because the number of shifts
may be reduced from three to two in order to contain labor costs. However,
even in that event the sintering ovens and QC testing will continue 24
hours per day.” [3]
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Experience to date with suppliers of large (1 kW to 25 kW) commissioning
and test stands has been varied. Experience has ranged from successful
implementation, to a need for substantial co-engineering between stand
customer and supplier, to a need to significantly re-engineer and re-build
stands caused by failure of the stands to meet performance specifications.
Some commercial stack suppliers have decided (or been forced) to build
their own stands, as opposed to sourcing them to outside stand suppliers.
From a stack supplier perspective, confidence in the supplier base for
commissioning and test stands for 1 kW to 25 kW planar SOFC stacks is
limited.

There is a small number of qualified stand suppliers, and as an industry,
we may still be going through the learning curve for design and
manufacture of these stands. Customers typically provide stand
requirements and little industry standardization is currently in place. Stand
software ownership, in particular, has been one area of disagreement with
some stand suppliers.

Recommended Best Practices

Stack assembly will require increased automation as volume levels
increase to assure stack quality, repeatability, and yield in high volume
production. Suppliers will need to be tooled for quality, repeatable
components, and stack suppliers will need to install automated assembly
equipment to take advantage of more repeatable incoming components.
Automated pick and place stacking equipment will add consistency to
stack component position, registration, and variation. This type of stack
assembly automation has been demonstrated previously for high
temperature stacks, and there is some basis of knowledge in the
automation industry for the design and implementation of stack assembly
automation for fuel cell manufacturing. Cell assembly, i.e., assembly of
cell active components, seals and gaskets, current collection plates, and
associated frames, with robotic machinery has also been demonstrated
for polymer electrolyte membrane (PEM) cells, and may be a source of
best practices implementable for SOFC cells.

There is a need to determine and specify the minimum level of stack
acceptance testing to ensure proper function when the stack is delivered
to a customer. Commissioning (high temperature sintering and reduction)
and testing of stacks currently requires stands that are very expensive, and
may have more content than needed for high volume production needs.
Stands typically have more function than required for a production
environment commissioning and minimal amount of acceptance testing.
The acceptance testing needs to be quick, cheap, and an accurate
measure of stack quality. The commissioning and test stands then need to
be decontented to satisfy the minimum testing required, at minimum cost.
Decouple the sintering/commissioning function from the test function of
the stand(s) to allow for more efficient utilization of capital. For example, if
the majority of the cycle time of the stand is taken for the
sintering/commissioning function, and the majority of the stand cost is
related to the testing function, separating the functions into different
pieces of capital equipment may be appropriate. In such a scenario,
multiple stacks could potentially be sintered/commissioned in a stand,
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and the resultant stacks transferred to a test stand for acceptance testing.
Another possibility to increase throughput during acceptance testing would
be to develop a test at significantly lower temperature that, while perhaps
not directly measuring stack electrochemical performance, would
correlate to that performance at operating temperature.

6.2.2. Planar Stack Separator Plate
Background/Summary

Over the past ten years, this technology has developed from a scientific concept to
cell technologies that can achieve 1.8 W/cm2 under laboratory conditions, and
stacks that can achieve initial power densities of 300 mW/cm2 to 500 mW/cm?2.
The power density of this technology has allowed the engineering of integrated
systems for small-scale stationary power and APU applications 4. Now, with the
conclusion of 25 kW stack tower demonstrations and the integration engineering to
modularly combine towers into 50 kW, 125kW, and 250kW stack
modules/systems, the SOFC industry is entering its next phase- proof of concept
system demonstrations for commercial roll-out, for a wide range of high-volume
applications.

For solid oxide fuel cells (SOFCs) to become economically viable, systems must
demonstrate high efficiency operation that is stable for as long as 40,000 hours.
Planar SOFC stack developers have demonstrated stacks with the requisite
performance and projected manufacturing costs to meet the anticipated application
demands, but have not yet validated low-cost paths to extended lifetimes.

While the focus of this section is intermediate temperature (650 °C to 800 °C),
planar SOFCs, the general mechanisms of stack degradation and failure include the
growth and spallation (layer-by-layer flaking) of corrosion scale on metallic
interconnects (ICs) and degradation of cathodes by chromium poisoning. It is
acknowledged that for SOFCs to reach the cost targets of widespread application,
interconnect and cathode current collector components, which comprise about half
the part count in planar SOFC stacks, will need to be made of inexpensive ferritic
stainless steel alloys. Ferritic alloys grow high resistance oxide scales during use
that increase the stack resistance. When the oxide scale becomes thick, it can spall
from the metal during operation or during thermal cycling, and as a result, degrade
the electrical contact within the stack, and its performance. Further, ferritic alloys
are susceptible to volatilization of chromium-based vapor species that poison
cathode function. To overcome these issues, low-cost protective coatings are
required for the metallic interconnects.

Current Best Practices

As shown in Figure 6-9, the fundamental nature of the fuel cell, especially the high
temperature solid oxide fuel cell, includes the electrochemical combination of fuel,
hydrogen containing gas, and an oxidant, typically air. This results in a physical
environment where from a design for manufacture, cost, and life standpoint, the
materials of construction must sustain, individually, or simultaneously:

e At the fuel inlet: highly reducing gases/moderately humid gases
e At the fuel outlet: moderately reducing gases/high humidity gases
e At the oxidant inlet: typically, air
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At the oxidant outlet: typically, vitiated air (higher in nitrogen, less than

21% oxygen)

Cathode i :
eeee
0, +4e > 20"
Electrolyte
L J
Anode ;
* 2H, + 20" > 2H,0 + 4e @e e e e

2CO0 + 20" > 2CO, + 4e

Figure 6-9: Electrochemistry of the SOFC; defines the gas environments

and temperatures required for the materials of construction

The operating parameters of the SOFC drive material selections at the cell, stack,
and system level include:

For flow fields within the cell: materials of construction and coatings that
are compatible with either the fuel or the oxidant gas

For the separator plate and end plate in some designs (Figure 6-10):
selection of materials of construction and coatings that are dual-
atmosphere, both fuel and oxidant gas-compatible

For the pipes and heat exchangers upstream and downstream of the
stack: materials of construction and coatings that are compatible with- the
fuel inlet, fuel outlet, oxidant inlet, oxidant outlet, and depending on the
system design, the combustion gas that results from the burning of the
fuel outlet and oxidant outlet

Figure 6-10: Block diagram of a fuel cell power system

In general, the choices for interconnects and flow field materials of construction fall
into the following broad categories, roughly grouped by temperature:

For high-temperature operation (900 °C to 1000 °C): ceramic (lanthanum
or yttrium chromite). These materials, while chemically stable and
compatible with the MEA from a chemical and thermal expansion
perspective, are mechanically weak and costly.

For intermediate-high temperature operation (800 °C to 900 °C): Cr-based
or Ni-based superalloys. These materials are chemically stable at 900 °C,
but they require additional coatings to prevent Cr poisoning of the
electrodes. In addition, they are expensive and difficult to form.
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. For intermediate temperature operation (650 °C to 800 °C): ferritic steel
(coated or uncoated). While uncoated steels are chemically unstable,
especially during thermal cycling, coated steels provide corrosion
resistance as well as acceptable conductivity when new. Given that the
focus of this section is intermediate temperature, planar SOFCs, certain
development aspects of real system validation such as thermal cycling,
performance, and robustness in real stacks-in-systems, and
manufacturability for cost and life remain to be completed.

From the cell/stack level perspective, the features that require consideration for
manufacturing solutions to cost and life include:

e end plates
e  bipolar plate: anode and/or cathode side
o flow field: anode or cathode side

Present technology

A large body of work is on-going at a number of private and national labs, primarily
through the US Department of Energy Solid State Energy Conversion Alliance (SECA)
Program, to determine the optimum material set for performance and life, for the
interconnects and flow fields. For this section, work conducted at the Pacific
Northwest National Laboratory (PNNL) will be used as a representative example of
the technology status in this area.

The PNNL work is conducted from the repeat part/cell block perspective, as
depicted in Figure 6-11, with the following objectives.

e Long term improved understanding of performance of Ce-modified
(Mno.5C00.5)304 spinel coatings on AISI 441 steel: via parameters such as
area specific resistance (ASR); oxidation behavior; and scale adhesion at
800 and 850 °C

e  Evaluation of alloy surface treatments: via collaborations with Allegheny
Ludlum and NETL-Albany

e  Optimization of Ce-modified (MnosCOo05)304 spinel coatings: via
parameters such as ultrasonic spray process; and effect of coating
thickness

e  Evaluation of cost reduction approaches
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Figure 6-11: Technical focus for interconnect materials and coatings gap resolution
[5]

While an alloy-route to a long term solution can be pursued for the
upstream/downstream piping and heat exchangers, the interconnects and flow fields
will typically require a combination of alloy compositional-plus-coating solution due to
the electrochemistry and part configurations obtained within each cell. In general,
effective coatings appear to come from the spinel and perovskite structured families,
including transition metal and rare earth oxide compounds.

Ti-doped Chromia Cr-Mn Spinel

Hexagonal Corundum Cubic
Structure

f 1 Cr (red) - Mn (green) - Co (blue)

Figure 6-12: Ce-modified (Mn0.5C00.5) 304 spinel coatings on AISI 441 steel
(6]
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Figure 6-12 provides a snapshot of a state-of-the-art coating system, a spinel-
structured compound containing manganese (Mn) and cobalt (Co), applied to AISI
type 441 stainless steel. This Mn-Co spinel coating was subjected to a durability
screening test which characterized the material’s performance and life-affecting
resistance as a function of time; and, as shown in Figure 6-13, this system yielded
an eight times reduction in the resistance in more than a year of testing.

90 M Bare441-2008
B MC441-2008
80 M 0.5CeMC441-2008 /
70 W .02CeMC441 /
%\ 60 W .02CeMC/NETL-Ce441
= .02CeMC850C
=
2 50 M .05CeMC850C
& 40 /
<<
30 R
20 42
/ []
10 se—
0 - T T T | T
0 2000 4000 6000 8000 10,000 12,000
Time (hours)
800 °C except where noted

Figure 6-13: Long-term area specific resistance (ASR) measurements:
800 °C and 850 °C (8]

Comparison of Prevalent IC Coating Technologies (Estimated at 400 MW/year production)

Metric/Technique Plasma IBED Electroplating EPD ASD
Coating Density Intermediate Excellent High Intermediate | Intermediate
Coating Thickness (um) >20 <5 1-10 5-20 520
Composition Flexibility Good Low Limited Excellent Excellent
Capital Cost ($) 3.1M 3.7M 2.5M 2.2M 1.5M
Operating Cost ($) 14M 1.2M 1.6M 1.5M 1.5M
Coating Cost per $2.61 $2.03 $1.95 $1.93 $1.65
Interconnect ($/part)

Coating Cost per $10.44 $8.12 $7.80 $7.72 $6.60
Kilowatt ($/kW)

Table 6-3: Preliminary coating manufacturing screening study results
Plasma= plasma sprayed; IBED= lon Beam Electro deposition;
EPD = electrophoretic deposition; ASD = aerosol spray deposition) [7]
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One SOFC company recently completed a preliminary coating manufacturing
screening study, where the Mn-Co spinel coating was baselined against several
alternative processes. As shown in Table 6-3, an aerosol based spray/heat
treatment scheme resulted in the lowest cost, which for the range of relevant
interconnect and flow field thicknesses corresponds roughly to $5 to $13 per kg.

Gaps and Issues

While the research to date is promising, the gap lies in the need for resolution of the
final materials/coating systems that are both functional (from a performance and
life perspective) and amenable to high speed/high volume manufacturing
processes.

Endplates for planar SOFC stacks currently are made using time-consuming and
wasteful machining methods. This component cost can be reduced by using net-
shape manufacturing processes. Economical net-shape manufacturing processes
for endplates need to be identified and validated. Corrosion protection coatings also
are needed for the end plates.

Recommended Best Practices

e With regard to final materials/coating systems functionality, the
materials/coating systems that have been characterized as acceptable in
the lab now need to be scaled up and proven in full area cells, in full
area/full height stacks, and in stacks in systems. The gross functional
requirements which must be simultaneously built into these now-
manufactured materials/coatings systems (in full size stacks) include:

Oxide scale and coating adherence
Chromium barrier

Oxidation resistance

Conductance

Compatibility with adjacent stack materials
Compatibility with seals

O O O 0O O O

e  With regard to amenability to high speed/high volume manufacturing
processes, the researchers and manufacturers are required to coordinate
heavily, as there will inevitably be limitations on the final solution
implemented due to the constraints of the manufacturing processes
employed, especially as the manufacturers will be charged with achieving
function at cost.

e At the same time, the materials/coatings systems will be constrained for
cost. The coating application methods can range widely, including dip,
paint, spray, and plating, where oftentimes base alloy material
development is iteratively tailored to, or optimized for, the coating process.
This iterative process is time consuming and costly in itself, which dictates
the immediate need for the resolution and selection of the preferred
scheme for coating deposition/processing.

e Related to these gaps is the broader need for validation of five year
functionality within a constrained, compressed timeline typical of highly
competitive commercialization efforts. This speaks to the need for an
accelerated testing protocol to predict lifetime of materials/coated
components (not just stack, backup power also); for example, an
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accelerated regimen that enables the prediction of a five year stack-in[]
system lifetime in less than five years. This accelerated strategy would
take into account the following parameters: thermal cycling; load cycling;
fuel compositions; temperature; oxygen exposure; dual atmosphere
exposure; humidity level on cathode side; contaminant levels; including
acceptable current/voltage.

The recommended practices include:

. Final integrated development and manufacturing gap resolution

e  Selection of materials/coatings compositions

. Further process development

e Process rollout to yield coatings and alloys amenable to pipes, heat
exchangers, formed embossments, and flat sheets

. Integral cost targets, expressed as “less than, a ~$XX per kg price
premium

e Net shape manufacturing of end plates

6.2.3. Planar Inspection
See Tubular inspection 6.3.3.
6.2.4. Seals for Planar Stacks

Sealing of planar SOFC stacks is a significant technical challenge, and the sealing
approach used in a given stack design has significant impact on overall stack
manufacturing cost (as well as performance and durability). Seals in planar SOFC
stacks are required to prevent mixing of fuel and oxidant and to prevent outboard
leakage of fuel to the ambient. In some planar stack designs, the seals also provide
mechanical bonding of components and electrical insulation between stack
components. The seal materials must be chemically and physically stable at high
temperatures in both oxidizing and reducing atmospheres, and must be low in cost
and amenable to low-cost stack manufacturing methods. Thermal expansion match
with the SOFC materials is also required for thermal cycling capability.

All of these requirements are tough to meet simultaneously. Planar stack designs
require a minimum of two seals per cell, and a single seal failure ultimately, can
lead to stack failure. The significance of the sealing challenge cannot be overstated.
Several possible seal types are shown in Figure 6-14 for a planar stack with metallic
interconnects. There are a number of sealing material options and configurations
that have been evaluated in planar SOFC stacks, but the specific materials and
approaches used for sealing are proprietary to stack developers. There are two
fundamentally different sealing strategies that are being developed: glass-based
seals that bond to mating surfaces and provide a hermetic seal; and inorganic seal
gaskets that are compressed to minimize leakage without physical bonding that
provide a non-hermetic seal with an acceptably low leak rate.
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Metal interconnect - 1
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Metal frame - - - -
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Possible seals include: S1: Metal frame to metal interconnect; S2: Cell to metal frame: S3: Frame/
interconnect to spacer (for electrical insulation); S4: Stack to base manifold plate

Figure 6-14: Possible seal types in a planar SOFC stack
14

With glass and glass-based seals, a hermetic seal is achieved through melting of
the glass phase and adhesion of the glass to the mating surfaces. Alkaline earth[]
alumina-silica glasses are commonly used for glass-based seals. Some glass seal
materials are designed to be rigid during SOFC operation (via crystallization of the
glass or design of the glass composition such that the glass softening point is
higher than the SOFC operating temperature). For these rigid seals, thermal
expansion of the seal materials must be closely matched to the other stack
components. Other types of glass-based seals are desighed to have some amount
of compliance; this is achieved by designing a glass composition with a glass
softening point lower than the SOFC operating temperature. With compliant glass
seals, the thermal expansion match requirement is somewhat relaxed. Technical
challenges with glass-based seals, regardless of type, include brittle failure of seals
and adjacent cells, volatilization of glass constituents (e.g., silica, alkali, borate) and
subsequent poisoning of the electrodes of SOFC cells; and adverse interactions
between the glass and adjacent interconnect components.

Compressive seal gaskets have been made from several materials, including
ceramic felts (e.g., alumina, zirconia), inorganic sheet-like minerals gaskets
(e.g., mica, vermiculite), or ceramic and composite sheets made by tape casting. In
general, gasketed seals require the application of a significant compression force in
order to keep leakage to an acceptable minimum. However, these materials can be
less reactive with adjacent stack components, and less prone to volatilization of
potential electrode poisons. Depending on the compliance of the seal gaskets,
compressive sealing also may allow for increased tolerances with respect to surface
quality of mating surfaces. Potential challenges with respect to compressive gasket
sealing are related to thermal stability of the specific seal material being used.

Current Best Practices

For planar stacks, repeating unit to repeating unit seals are typically tape cast into
sheets and the seal patterns are cut from these sheets (see Figure 6-15). An
advantage of tape casting is that the resulting tape is extremely compliant, which
allows the seals to conform well to the mating surfaces during initial compression.
Although the tape has the benefit of compliancy, the thin patterned seals cut from
the tapes can be difficult to handle. While stack assembly is typically by hand today,
automated stack assembly could benefit from less delicate seal forms. The
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patterned seals are then placed between repeat units during stack assembly. In
their as-produced form, the tape cast seals contain a significant fraction of organic
material (e.g., binders, solvents). These organics are volatilized during initial heating
of the stack (during commissioning).

Figure 6-15: Cast seal tape and seal gasket cut from tape sheet
[Courtesy of Delphi]

Gaps and Issues

Cutting patterned seals from sheets of cast tape leads to inefficient
material usage with a significant amount of waste.

Tape casting is a relatively slow and high cost process for fabricating the
repeat unit to repeat unit seals.

Planar stacks require seals between each repeat unit, so a high volume
production process needs to be developed to replace tape casting.

A high volume process of seal application is needed, whereby the seal is
formed/located only where required, such as by dispensing, molding, or
other net shape process of forming in order to reduce seal material seal
costs.

Recommended Best Practices

The off-cuts from seal tape manufacture need to be re<cycled. From a
materials usage perspective, a relatively small percentage of seal tape is
used for each gasket. This leads to a significant amount of waste.
Recycling of this off-cut tape will be a significant development effort, but it
will be essential for large scale manufacture.

A better sealing approach may be to selectively deposit seal material at
specific locations where the seal is required. This approach would likely be
used in conjunction with an automated stack assembly system. The tape
casting process currently used to make seals involves organic solvents
(toluene, xylene) that must be handled properly to maintain safety.

Modify the tape casting process to accommodate an aqueous based
solvent system. As the scale of stack manufacturing increases, it may
become advisable or necessary depending on local regulations.

Extrude or spray the seal onto the specific areas using a high speed X-Y
printer as an alternative approach. Since tape cast seal tapes are flimsy
and easy to tear, it becomes more difficult to handle as the cell area
grows. This would require a significant capital equipment expenditure.
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6.3. TuBULAR FUEL CELLS
Manufacturing Overview

Tubular solid oxide fuel cell stacks are typically fabricated with a porous anode support
material providing the structural support. The tubular cells forming the stacks are
differentiated primarily by their geometry, with smaller diameter tubes (1 mm to 5 mm)
being preferred for smaller power systems (50 W to 500 W), and larger diameter tubes
(5mm to 40 mm) preferred for larger power systems (0.5 kW to 10 kW). Wall
thicknesses of the anode support tubes also vary with diameter, with smaller diameter
tubes having relatively thin walls (200 pu to 500 ) and larger diameter tubes having
thicker walls (500 p to 1000 ).

Tube lengths vary with stack design but they generally range from 5 cm to 100 cm for
most applications. The base tube for anode supported tubular cells are commonly
fabricated using extrusion or cold isostatic pressing. Selection of the forming technique
is ultimately dependent upon the required tube size being fabricated. For smaller cells
and therefore lower power units, extrusion is the current preferred technique. In contrast,
pressing of the support tube is currently favored for larger tube and higher power units.

The functional layers utilized in anode supported cells are applied using a variety of
techniques including spray coating, dip coating, and screen printing. A number of
sintering steps are then undertaken which are in general batch based. The specific
processes used for application of each layer vary with the design or final application and
the manufacturer. Example of anode-supported tubular cells are shown in Figure 6-16.

Examples of manufacturing processes used for anode-supported tubular cells are shown
in Figure 6-17.

/48

Electrolyte

Figure 6-16: Anode-supported micro-tubular elements (pfior to cathode deposition)
[Courtesy of Adaptive Materials, Inc.]
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Figure 6-17: Isostatic pressing of anode supported tubular cells

At the current level of technical maturity and manufacturing scale, the cost of tubular
cells constitutes a significant fraction of the overall fuel cell stack. In particular forming
of the anode substrate tube is key to cost reduction from both a labor and materials
viewpoint. Cell and stack current collection is also a significant cost driver with a large
contribution from both the labor and materials involved. The details relating to this and
the recommended manufacturing process are found in section 6.3.2 of this report.

For tubular cells and stacks, quality control is apparent throughout the entire process
and in many places 100% inspection persists due to lack of statistical data. To reduce
cell costs, these steps must be eliminated or fully automated. Tube quality control is
discussed in section 6.3.3 of this report. Finally, many of the unit operations are
amenable to recycling of unused material, but this isn’t always undertaken.

Current tubular cell manufacturing through process yields are greater than 80 percent
and as such, improvements in this area are being actively pursued. Current cell
manufacturing best practice is dominated by batch processing steps with little to no
automation of part transfer between the steps. This is an area where automation could
be used to drive down the labor costs associated with cell fabrication.

6.3.1. Cells

The currently established manufacturing practices used today for producing tubular
fuel cells are amenable to high volume manufacture and consequently these
processes form the basis of the recommended manufacturing process.

Current Best Practices

Outline of BP

e QC-Incoming Materials
o Powder size distribution (PSD), tap density, chemical analysis
(particle-induced X-ray emission - PIXE analysis), pressing bar
conductivity, make slurry test viscosity, spraying/dipping ink prep,
build test SOFC cells for functional testing
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e  Anode substrate
o powder press support tube, bare anode, sintering
o coextruded anode, anode functional layer (AFL), and electrolyte
. Electrolyte application
o Dip or spray electrolyte
o Coextruded anode, AFL, and electrolyte
o Sintering
e  QC-Inspection Process
o Visual inspection -gross defects, discolorations, etc.
o Straightness inspection
e Anode Interconnection
o Apply patterned oxide interconnect to exterior of tube
e  Apply Cathode Layers
o  Apply barrier layer, sintering
o Apply cathode, oxide ceramic, sintering
e  Anode Reduction
o Reduce anode,
e QC Testing
o Leak Check - electrolyte gas tight
o Cathode and anode electrical conductivity
e  Tube to manifold sealing
o  Apply sealing material and bond SOFC tube to manifold

BP overview

o  Form the tube by extrusion and in some cases co-extrude the anode and
electrolyte. For smaller power systems (50 W to 500 W), this fabrication
technique, with some modifications, is the recommended fabrication
technique for high volume small diameter tube fabrication. As mentioned
previously for tubular cells, formation of the anode tube substrate (Figure
6-18) is one of the largest cell cost drivers. The forming methodology
employed is dependent upon the diameter, aspect ratio, and length of the
tube required.

Figure 6-18: Extrusion equipment for small diameter, anode substrate tubes
[Courtesy of LOOMIS PRODUCTS]
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o Due to the demanding tube geometry, diameter, aspect ratio, and length,
for larger power systems 0.5 kW to 10 kW, the current best practice is to
form the tube by isostatic pressing. Compared with traditional molding
technologies, the pressed parts formed from isostatic pressing possess
exceptional uniformity along the length. For larger cells, isostatic pressing
is the norm, but just like extrusion, some process and fixture development
is required to implement a semi continuous process.

o  For functional layers that are applied to tubular solid oxide fuel cells, the
current application techniques are already scalable high volume
manufacturing techniques. It is considered that the currently adopted layer
application processes are eminently suitable and therefore the
recommend manufacturing practice.

e  Most tubular processing methodologies are batch in nature with limited
automated part movement between the different processing steps. To
enable high volume cell manufacturing and therefore cost minimization,
significant part movement automation is required to connect the different
fabrication methodologies.

e  For smaller power systems (50 W to 500 W) the recommended anode
substrate tube forming technology is extrusion. Development of this
technique is required to enable the semi continuous operation demanded
to realize significant cell cost reduction. To enable semi continuous
operation, development and implementation of semi-continuous plastic
processing methodologies to prepare the extrusion feedstock is needed.
Technology may be leveraged from the rubber industry that currently uses
such methodologies for mixing large quantities of material with increased
homogeneity at a lower cost. If the mixer capacity is scaled to the correct
size, a continuous feedstock may be provided for continuous extrusion of
the anode or co-extrusion of the anode and electrolyte. Alternatively, an in
line mixer and extruder may be developed for this application. Such
equipment is already being utilized in other industries.

e  For larger power systems (0.5 kW to 10 kW), the recommended anode
substrate tube forming technology is isostatic pressing. As with extrusion
of smaller tubes, this forming technique needs further development to
allow semi-continuous pressing of the larger tube geometry. The gap
between the current tube pressing methodology and a semi-continuous
solution is small, and solutions already exist for the automated isostatic
pressing of ceramic parts in other related industries. The issue is
technology transfer and development of an appropriate pressing regime
for anode substrate tube manufacture.

e For both anode substrate tube-forming technologies, dimensional tube
tolerance will need to be re-established after introduction of any modified
forming technique.

e Another related issue is the requirement to produce a thin electrolyte layer
(generally between 10 p to 20 ), that is gas tight after sintering. Any
development of the anode support tube fabrication technique will require
a re-evaluation of electrolyte quality.

Gaps and Issues

e Anode forming - dimensional tolerance of tube, difficultly in forming high
aspect ratio tube with thin walls.
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. Electrolyte application - difficulty of applying a repeatable ultra-thin (10 to
30 micron) ceramic powder coating to a curved substrate without defects
or flaws introduced either by the coating process, handling, or firing
process.

e Significant development time will be required to make the transition from
batch firings to the recommended manufacturing technique of continuous
firings. In general, sintering of the applied layers is currently batch firing
orientated as the volume demand for the product that would warrant
continuous firing technology has not yet materialized. The move to high
volume continuous firing is a necessary development to realize low cost
fuel cell manufacture. Cell cost reductions will also be realized by
combination of processing steps, particularly firing steps with the ultimate
goal of a single continuous firing step for all assembled cell components.
There are however significant processing and material interaction issues
to overcome to reach this stage.

e  An issue for tubular SOFC cell fabrication is the batch nature of some of
the processing techniques and the need to develop and move to
continuous processing methodologies. In particular, with anode substrate
tube forming constituting a significant proportion of tube cost, it is
considered that tube-forming methodologies require special attention.

e Gaps

o <500W
° Design and implementation of a feeder mechanism to support
semi-continuous co-extrusion of anode and electrolyte feed rods.
e Transitioning statistical process controls and QC methods from
the small-scale, thermoplastic mixing process, to large scale
mixing equipment.

e  Ensuring repeatable die flow behavior downstream during the
coextrusion process.

o 500 W to 10 kW
. Prove out feasibility of automated powder introduction and semi-
continuous pressing, followed by design and implementation of a

full system.

Recommended Best Practices

e Anode and Electrolyte forming process
o Tube size and geometry dependent - diameter, aspect ratio, length
o <500 W - small diameter tubes, between 1. mm and 10 mm
e Recommended practice is co-extrusion of multiple layers or
extrusion and coating
. Recommended manufacturing process improvements for col]
extrusion
o  Semi-continuous feed rod co-extrusion of anode and
electrolyte layers to reduce cycle time between feed rods
o Adopt semi-continuous industrial thermoplastic mixing
methods from the tire rubber compounding industries for
larger batch size for increased homogeneity and lower cost
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o  500W to 10 kW - larger diameter and longer length tubes, nominally
10mm to 40mm in diameter
) Recommended practice is semi-continuous automated isol[]
pressing of the anode support tube

6.3.2. Current Collector
Overview [8 9, 10]

Tubular solid oxide fuel cell (SOFC) systems with power output in the range of 50
watts to 10 kilowatts employ metallic current collectors to distribute electrical
current along the length of the fuel cell tube. Tubular membrane electrode
assembly (MEA) designs between 1 mm and 40 mm in diameter have been
selected for power generation applications in the 50 W to 10 kW application range
due to the benefits of simplified fuel and air sealing and potential for lower stress
states during rapid thermal cycling. The challenge with a tubular MEA architecture is
current collection and distribution along the tube axis. The conductive path length in
a tubular MEA architecture per active area is considerably longer than a planar
stack, therefore, ohmic losses (resistive losses) in a tubular SOFC are the typical
dominant loss mechanism. Figure 6-19 is a conceptual design proposed by Robert
Kee of the Colorado School of Mines (8] of the internal and external current
collectors along the exterior and interior of the SOFC MEA.

Figure 6-19: Current collectors along the exterior and interior of the SOFC MEA
[8]

Every fuel cell organization producing tubular SOFC cells, stacks, and systems share
a common set of building blocks; a tubular MEA and current collector wire. The
conductive metallic wire arrangement upon the cell is different for different SOFC
producers. Some manufacturers apply all the current collection to the outer
diameter of the cell making separate contact with the anode and cathode; this can
simplify the mechanism of current collection application. Other manufacturers
make external contact with the cathode and then have an internal current collection
contact mechanism for the anode. Both current collection methods are effective in
the transport of current along the tube axis. A variety of tubular size scales and
current collector winding patterns, geometries, and material selections have been
developed by domestic organizations such as Adaptive Materials Inc. and
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Acumentrics. The manufacturing labor and cycle time cost and scrap rates of
existing wire wrapping and winding process methods are a significant cost in every
tubular SOFC design. In addition, the material cost of the current collection wire is a
significant cost driver and as such, methodologies to reduce the current collection
requirement or use of alternative materials are ongoing.

The same type of wire is also required to form the series connection between
adjacent cells although the form of the wire may be different. Making this series
connection when stacking the cells to produce a system is labor intensive and
automation or stack design modifications need to be pursued to reduce cell costs.

Manufacturing Opportunity

The adaption and implementation of high rate automated wire winding and tie off
equipment from the electric motor and electronic inductor industries would help the
entire tubular solid oxide fuel cell industrial base to reduce labor, cycle time, and
scrap rates while increasing repeatability and reliability. In addition, attachment of
the series connection between cells when assembling cells into a stack would
benefit significantly from automation.

Current Best Practices

The current manufacturing process employed by tubular SOFC organizations is a
combination of handwork and single axis wire winding equipment for attachment of
current collection to the anode and cathode. The electrical interconnection between
cells is accomplished via wire-to-wire connections. Sometimes these series
connections may use the same wire that has been processed into different forms.

e  Anode Current Collector.
o <500 W - metallic anode current collector inserted into the inside of
the tube
o 500W to 10 kW - apply a conductive oxide layer to an exposed
anode surface and collect current via a metallic wire wrap around the
tube exterior

e [nterconnect
o Make a series connection between the anode and neighboring
cathode using metallic wires or wires that have been processed into
another form (cathode and anode current collectors)

Gaps and Issues

e The transition to SOFC tubular MEAs will require the development,
integration, and implementation of complex secondary wire winding and
tie off operations to create not just a current conductor winding, but also
the electrical interconnection with neighboring fuel cell tubes.

e  Manufacturing processes do not currently exist to coat low cost stainless
steel wires with the same protective coatings adopted by planar SOFC
technologies (6 7. 10, 111, The existing coating processes are not capable of
creating an impervious conductive barrier coating on a small diameter
wire form that can withstand the stresses during handling, spooling,
winding, or other wire forming operations. This limitation reduces the
possibility of raw material cost reduction below the current raw material
cost point.
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Recommended Best Practices

Adaptation and implementation of high rate automated wire winding and tie
off equipment from the electric motor and electronic inductor industries is the
recommended manufacturing process. Industrial best practice is exemplified
by stator coil winding machines for small electric motors. Electric motor
winding equipment is capable of extremely rapid wire winding in a continuous
computer controlled pattern. [12]

6.3.3. Inspection
Introduction

Quality control, and methodologies to track and improve quality, is an essential
component of any manufacturing enterprise. Quality control is also expensive. As
products become mature, quality control requirements should decrease as
processes are better understood and controlled. However, for nascent
manufacturing efforts, quality control is necessarily of great importance and
creating quality control methodologies and inspection techniques is critical. For fuel
cells, these early market requirements are compounded by two additional factors.
First, the serial nature of the stack creates a situation where any cell failure results
in a reduction in performance of the entire stack. And second, the extremely harsh
operating environment encountered by the cell, in which multiple degradation
mechanisms operate on most of the components of the cell, makes even low levels
of variability or small discrete defects potential failure initiation points.

1 2 3 1 2
Cast and Cast Cast anode Co-extrude Form anode
laminate electrolyte tape anode and tube

anode and tape 3 electrolyte 3
electrolyte 3 ; tube ;
tapes Deposit Deposit
Sinter electrolyte ¥ electrolyte
¥ 3 and cathode Sinter 3
Sinter
Post sinter ¥ ¥ Sinter
A 4 inspection Sinter Post sinter 3
Post sinter 3 3 inspection .
inspection Post sinter
Deposit Final cell \ 4 inspection
¥ electrodes inspection Deposit 3
Deposit and anneal cathode and ’
cathode and 3 anneal Deposit
anneal cathode and
Final cell A 4 anneal

4 inspection Final cell 3
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Figure 6-20: Process flow for planar and tubular ceramic cell manufacturing

In-line/in-process non-destructive testing techniques are widely used in industry.
Sources of variability and defects are numerous, including material property
variations, process variability, tooling and process equipment wear or failure,
uncontrolled environmental conditions, and many sources of contamination, both by
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contact and airborne. Inspection of parts has been highly developed for automotive,
aerospace, microelectronics, and other similar industries. Most of these
measurements are to inspect dimensions, using a variety of laser systems for
example, or to inspect for visible defects, using different camera technologies
loosely described under the term ‘vision systems’. These techniques are highly
capable and should be applicable to some of the quality control needs for SOFC
cells. However, as described in Figure 6-20, because of the fuel cell operating
environment, the cell materials typically have many critical parameters, all of which
are important to proper operation. For example, cell active layers must have
structural properties to ensure physical integrity under compression and extreme
thermal loading, porosity to enable reactant gas transfer, electrical properties to
enable current conduction, and appropriate chemical composition to enable the
desired chemical and electrochemical reactions. In addition, the multi-layer nature
of the cell defines interfaces that must have the appropriate bonding or contact.
Many of these functional (rather than dimensional or positional) characteristics may
be of interest to measure in process, and thus techniques and methods must be
evaluated or developed. Methods developed for the paper, films, and foils,
microelectronics, and solar PV industries in some cases may be applicable to the
needs for SOFC cells, but must be validated for the specific materials and process
conditions of interest. In addition, other than so-called vision systems, most in-line
inspection techniques are point measurements, which take data at a single point on
the part or sheet, or are rastered back and forth across the surface of interest. This
provides spatially averaged data which can be used to assess statistical variability,
but not (in most cases) to identify spatial variability or discrete defects. Again, as
noted above, even small defects in some cases can act as initiation points for the
multitude of degradation and failure mechanisms present in the fuel cell. Thus,
imaging inspection techniques that can be used to provide a ‘quality map’ of the
part may be of high value if they can be integrated into the process environment.

Current Best Practices

Planar and tubular SOFC geometries share several inspection practices. These
mainly involve the characterization of raw materials imported from suppliers or
made in-house. Raw materials include ceramic powders, screen printing inks, tape
cast, or dip coat slurries, and spray coat suspensions used to form the cathode,
electrolyte, anode, contact layers and seals; and metal sheets or wire used for the
cell separator or interconnect.

The possibility of variations between batches requires the inspection of all powder
batches using standard analytical techniques. These include:

e Particle size — Analysis is performed with a suspension of powder in an
acceptable solvent and using light scattering, laser diffraction, or settling
time to determine the particle size distribution of the powder. In the best
case, small samples from the vendors are prequalified before shipping.
Variations from the acceptable size and distribution result in further
testing to determine if the batch should be accepted or refused.

e Tap density - This technique is used to determine the density of a powder
packed in a container that has been “tapped” a fixed number of times
from a fixed height. This density gives an idea of the flowability of the
powder, and hence the particle shape and surface roughness.
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Unacceptable variations of density in this test would trigger further
investigation with microscopy.

e Chemical composition - The chemical composition of powders are
analyzed using X-ray fluorescence, emission spectroscopy methods, or
chemical titration to verify the elements present in the material. X-ray
diffraction is also a method used to verify the crystal structure of the
material. Much of these analyses are expensive in terms of capital
equipment.

e Electrical conductivity — Tests are performed at temperature by pressing
powder into bars, sintering the bars, and measuring conductivity to verify
the electrical properties of the material. This time consuming inspection is
desired for every batch of powder. After the ceramic powders have been
qualified for use, they are further processed by adding organic binders and
release agents for dry forming, or if slurries or inks are made, dispersants,
solvents, binders, and plasticizers are blended with the powders. Tests are
performed to characterize these mixtures.

e  Viscosity of slurry/ink - Quick rheology checks are made on new batches
of slurries and inks to monitor and maintain flow characteristics for
casting, printing or spraying. A cone and plate viscometer provides the
most useful data at low capital cost.

e Witness samples - To pretest the tube forming, tape casting, screen
printing, spraying or dip-coating processes for new batches of material,
standard formulations of powders and slurries are formed into small test
samples to examine visually, mechanically and if possible electrically.

As the materials are introduced into the production line, more inspections are
needed. Large production rooms and facilities are difficult to maintain cleanliness.
It is well known in materials processing that silica from dust and dirt is the universal
dopant in various processes. Keeping the environmental impurities low requires
following activity protocols and monitoring airborne particles in the production
spaces. This is critical in specialized clean room facilities where thin (<10 pm)
electrolytes are produced and handled. Small dust particles or hair can be larger
than the thickness of the electrolyte causing pinholes or cracks during sintering.

Figure 6-21 shows the effect of different activities performed within a class 10,000
clean room. The left axis scales the particle count of 0.5 u particles, correlating to
the green data points that has an acceptable limit of 352,000 particles per cubic
meter. The right axis scales the particle count of 5.0 p particles, correlating to the
blue data points, which has an acceptable limit of 2,930 particles per cubic meter.
The activity taking place in level 1 produced an unacceptable level of 0.5 p particles
without affecting the 5.0 p particles. Whereas, the activities in level 2 lead to the
introduction of 5.0 y particles in the room above the acceptable limit without
affecting the 0.5 p particle level. By vacating the room, both particle counts drop to
the baseline. By modifying the activity in level 3, both 5.0 y and 0.5 py particle
counts become acceptable. This example of monitoring and inspection of
production activities illustrates the need to monitor and establish acceptable
activity protocols within the production process in the clean room. It is also
important to understand the degree of concern for the presence of various particle
sizes. The 5.0 p particle contamination may be of concern, whereas the 0.5y
contamination may not have a real effect on the process.
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Figure 6-21.: Particle level change in a clean room with different activities

In the current manufacturing practice, a significant inspection takes place after the
first sintering process of the cells. In this first sintering process, manufacturers will
try to co-sinter at least two or more layers together. Usually the two components
consist of the supporting anode substrate and the electrolyte whether it is a tubular
or planar cell. Some manufacturers will co-sinter the cathode, electrolyte, and
anode components in a single step. For electrolyte-supported cells, the electrolyte is
usually sintered alone and the electrodes are deposited in subsequent sintering
steps.

Electrolytes supported by the cermet anode are usually made from yttria-stabilized
zirconia and can be less than ten microns thick, which is true for both planar and
tubular geometries. At this thickness, small cracks, pinholes, or flaws may allow gas
to flow between the fuel and air electrodes. This burns and can potentially serve as
an origin of cell cracking and ultimately, stack failure.

Thick self-supporting electrolytes (~200 p thick) require the use of materials with
greater ionic conductivity, such as scandium oxide doped zirconia, to reduce
electrical resistance losses. Significant flaws in this thick plate usually results in
catastrophic failure of the cell. Smaller flaws lead to weaknesses that may become
evident as cell failure during the stacking process, transport of the stack, fuel cell
operation, or thermal cycling of stacked cells. Leakage in thick electrolyte cells
occurs through cell fracture or sealing flaws. Hybrid designs exist where thick
frames of electrolyte material will support thin areas of electrolyte.

Inspection of the electrolyte is easily performed if it is left exposed as an open
surface after sintering. Current manufacturing practice involves visual inspection of
the electrolyte for flaws. Tubular cells can also be pressure tested at room
temperature for leaks in a specialized test rig. The largest fallout on yield comes in
the first post sintering inspection. This necessitates 100% inspection of parts after
sintering.
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Other physical inspections rely mainly on dimension tolerance checks. Tubular cells
are inspected for straightness and gross defects (pinholes, discoloration) in the
electrolyte by rotating the tube and using visual, manual, or optical (laser)
measurement techniques. Planar cells are inspected for thickness variations,
surface topology, and edge defects using laser or optical profilometers.

Figure 6-22 illustrates some of the defects that can occur after the first sintering
process. The black areas are circles from a marker pen identifying the small flaws
on the surface of an electrolyte/anode bilayer. Some of the flaws are created during
processing but were not identified in the pre-sintering inspection. Other flaws can
occur from materials falling from the furnace during sintering.

L SRR

Figure 6-22: Flaws found in the post-sintering inspection of fuel cell components

Subsequent layers are inspected for surface defects after each sintering step,
although these steps normally have higher part yield than the initial sintering
process.

As cells are assembled into stacks, seals and contact layers are applied to planar
cells as they are assembled with separator plates. Stack inspection is done on the
fly as the layers are assembled. It is difficult to inspect the viability of a stack until
the ultimate stack conditioning process. Here the anodes are reduced from nickel
oxide to the metal, the seals are melted and sintered, and initial electrical tests are
run to get an idea of the electrochemical performance of the stack. As stack
conditioning is a critical step, this will be treated in more detail in a subsequent
section.

Gaps and Issues

o New inspection practices need to be developed which involve less human
intervention and occur with less frequency at points of critical importance.
Inspection procedures in SOFC manufacturing take place in nearly every
step along the manufacturing process. These are mostly performed by
direct human observation, which cannot be scaled to high volume
manufacturing if 100% of the parts are being inspected. The farther
upstream in the manufacturing process the inspection can be made (i.e.,
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defects or unacceptable variability can be identified), the better, because
less value has been added to the part.

Given the operational environment of the fuel cell, discrete defects are just
as critical to identify as unacceptable statistical variability. Most currently
validated automated inspection techniques use point measurements (that
typically cannot identify discrete defects). Consequently, imaging
measurements would be of high value to create ‘quality maps’ for each
part with image analysis software to identify unacceptable defects.
Furthermore, a method is needed to map in the center layers of thick
opaque laminates. X-ray transmission methods similar to medical
radiology imaging would allow inspection of the bulk of plate components.
Similar techniques need to be developed to map defects in tubular SOFCs.
Defects need to be identified in the pre-sintered state that will result in a
critical defect in the post-sintered part.

Current powder acceptance testing methods do not identify all variability
in incoming material lots, which results in electrochemical performance
variability. Tests need to be developed that will validate the electrical and
electrochemical performance characteristics of the material, without
having to fabricate and test a fuel cell. At this point, there is still work to be
done in identifying which powder properties are critical to specify and
control for minimizing functional variation. Lot to lot variation in powder
supply, even when the powder lots pass current quality control acceptance
tests, are seen as significant contributors to cell performance variation.
Materials suppliers often do not consider the solid oxide fuel cell industry
to be a large enough revenue stream and do not optimize powders for
SOFCs. Larger powder batch orders would support greater QC testing for
each batch by the powder supplier.

Manufacturing research directed toward cataloging and classifying the
criticality of pre-sintering defects is needed. This will increase the part
yield and allow the lowering of inspection frequency. The catalog would
identify what are allowable anomalies versus real defects.

Recommended Best Practices

The series of manufacturing processes involved in fabricating a planar or tubular
cell, can be seen as a succession of steps, each of which adds value to the initial
starting piece or material.

It is advantageous to perform inspection as far forward in the
manufacturing process as possible. This minimizes the value of a part (or
batch or roll) that may be deemed unacceptable and scrapped. For these
cells, two key opportunities for improving quality control methodologies
and reducing scrap by inspecting earlier in the process are the tests for
electrolyte layer quality and cell leakage. As noted, the electrolyte layer,
whether planar or tubular, is typically visually inspected after it is fired with
the anode to identify pinholes, thin spots, and other defects that may lead
to leakage and/or shorting. By this process, the value of the firing step has
already been ‘added to’ the cell; thus, scrapping the cell at this point
because of poor electrolyte layer quality wastes the value of the firing.

Assess the viability of performing the electrolyte inspection for ‘defect
precursors’ prior to firing. This would save the value of the firing step. It
must be determined; however, if a quality check on the electrolyte layer in
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the ‘green’ state (prior to firing) is valid. This same practice could be
replicated for all layers subsequently added to the cell (e.g., the cathode).
Perform the cell leakage test after the initial firing on the anode rather
than at the end of the cell fabrication process. This assumes the structure
or architecture of the fired assembly allows for leak testing at that point in
the process. This practice would save the value of nhumerous subsequent
coatings and firings. The validity of this suggested new practice must be
verified.

Evaluate and qualify automated non-destructive inspection methods for
fired and green assemblies. This enables reduction of labor, improvement
in inspection capability, and transition to higher volume manufacturing
techniques. Layer thickness, topography, and uniformity, especially that of
the electrolyte layer, is of critical importance. Many techniques could be
applicable, and must be assessed relative to cost, accuracy/resolution,
and capability, including but not limited to vision systems, laser and
optical systems, x-ray/gamma/beta source-based techniques, and UV and
IR systems. Reflective and absorptive methods may be useful for surface
measurements, whereas penetrating sources must be applied for full
volume measurements. Designing and configuring measurement
techniques for in-process application is not trivial, especially for
continuous manufacturing processes. In addition, whereas application of
many techniques to planar cells will be straight-forward, application of the
same techniques to the tubular platform may be more complex, especially
for those based on transmitting/penetrating beams. Additional
development may be required in these cases, for example, development of
specialized sensors that can fit and operate inside the tube.

Perform a comprehensive study of the effect of powder material
properties on cell performance, using statistical experimental methods
such as factorial designs. There is not currently a good understanding of
how cell performance variability resulting from lot-to-lot changes in
powders, especially the cathode material, correlates to specific material
properties of the powder. If the cause of the performance variability can be
identified, quality and analytical methods can be established and
incorporated into the powder acceptance/qualification process so that
these lot-to-lot changes can be identified and dealt with before use of the
powder in production.

Asses layer interface quality. For example, electrolyte layers which are
coated onto an anode support may not have the required bonding or
contact with the anode at all locations as a result of material non-
uniformities or errors in the coating/extruding or sintering processes. This
lack of contact, for example, may lead to reduced local conductivity or
mechanical failure initiation points, for example. A recommendation is to
evaluate and develop methods to non-destructively inspect for poor
contact or bonding at layer interfaces.

Insulation

Solid oxide fuel cells operate at elevated temperatures between 600 °C and
1,000 °C. The best practices for insulation materials and methods are a balance
between cost and performance. Extremely high performance insulation materials,
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typically termed microporous insulation, exist in the industry. The use of these
materials is driven by the universal need to reduce packaging weight and volume
across the entire SOFC industry; including both planar and tubular systems at every
power level. The importance of minimizing insulation weight and volume is obvious
for portable and mobile solid oxide fuel cell systems. In these demanding markets,
customer purchasing decisions are strongly influenced by overall unit system size
and weight. There exists a critical need for light weight high performance insulation
for high power stationary solid oxide fuel cell applications. The need to minimize
mass and volume of insulation within a stationary generation unit is a function of
cost and package integration. Minimizing the footprint of a stationary generation
unit will help open new markets such as roof top generation applications, reduce
shipping expenses, and remove the need for onsite assembly and integration during
installation.

Today fuel cell manufacturers source insulation boards, machine to dimension, then
laboriously hand assemble the insulation into an insulated chamber, typically
termed the ‘hot box’. While geometries differ between tubular and planar systems
at the differing power levels, SOFC manufacturers follow the same general process
originally developed for the low volume and high cost high temperature furnace
industry.

At the lower power levels, especially below 500 watts, the cost of the insulation
package is a significant cost driver of the overall fuel cell unit. At below 500 watts,
the insulation package cost is 19% of the overall SOFC stack cost. Between 500
watts and 10 kilowatts, the relative cost of insulation is as high at 15% of the stack
cost. In summary, there exists a need across the entire SOFC industry for a low cost
net shape or near net shape forming process for high performance insulation
materials. [13]

Current Best Practices

Microporous insulation materials are the highest performing insulation material on
the market today. Microporous insulation has the necessary combination of
dimensional stability at high temperatures and chemical stability in solid oxide
atmospheres. Its insulation performance is world class; even higher performing than
silica aerogel at elevated temperature. The reported thermal conductivity at 800 °C
is 0.02 watt/meter-2K (Figure 6-23), as low as still air. [14]
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Figure 6-23: Insulation Properties of MICROTHERM® microporous insulation
[14]

The challenge with microporous insulation is that it is currently only available in
sheet form. The raw materials used in microporous insulation are a by-product of
the cement industry, consisting of low cost silica powders, ceramic fibers, and
opacifiers [14l. Fuel cell manufacturers must machine the dry pressed microporous
sheet insulation materials into the required geometries. An example of machined
microporous insulation is shown in Figure 6-24.
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Figure 6-24: Machined microporous insulation
[15]

The manufacturing process for high performance Microtherm® insulation is
described in the process flow sheet in Figure 6-25. Incoming dry pressed sheets of
microporous insulation are pre-cut (if necessary) and then CNC machined to shape.
The parts are carefully removed from the machine tool and a surface coating is
applied to reduce surface discharge of dust. The individual machined microporous
parts are assembled into the required final form according to the specific designs of
the fuel cell manufacturer. The result is a lightweight, compact, and extremely high
performance and high temperature insulation package.

Microporous Insulation Sheet > Pre-Cutting

Y

Y

CNC Machining > Surface Coating Assembly

Y

External Wrap > Insulation Subassembly

Figure 6-25: Insulation process flow

The only manufacturing method available to the industry is machining. Machining
microporous insulation is extremely challenging. The mechanical properties of
Microtherm® are akin to a dried sand castle. While the material will hold its shape
with careful handling, it is extremely low strength and friable. Current machining
processes require specialty CNC machine tools with sealed spindles, enclosed
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machining volumes, and HEPA dust collection. The machining process must be
isolated from other manufacturing areas to avoid cross contamination. This
subtractive forming process, like machining, reduces a majority of the expensive
insulation board into waste.

The final machined part must then be encapsulated with a surface coating to
capture surface dust from the machining process or dust release during subsequent
handling or operation. Once the individual machined pieces are hand assembled an
external wrap of fiberglass, sheet metal, foil, or other material is applied to create a
sealed or partially sealed final unit. The external wrap is especially important for
insulation which will be subjected to excessive vibration in applications such as
transportation (e.g., long haul trucks).

Gaps and Issues

Dry press tool design and processing methods are not currently available for
microporous insulation in forms with sufficient fidelity or component size for the
solid oxide fuel cell industry. Casting methods and casting capable materials for
microporous materials have not been developed.

Recommended Best Practices

o The proposed processes are pressing or casting operations. The
technology does not exist today to dry press microtherm materials into
components more complex than a sheet or clam shell. The recommended
manufacturing practice is a process capable of creating a net shape or
near net shape microporous insulation part. Using tooling to create the
component geometry instead of subtractive machining processes, it will be
possible to achieve the lowest possible raw materials cost per insulation
component. The pressing or casting operation should include die or mold
features to create pass through holes for electrical and fluid connections.

6.4. PROPOSED PROJECTS FOR CERAMIC
6.4.1. Protective Coatings for Metallic Stack Component

Metal stack components in the hot zone need to be coated to reduce thermal
cycling degradation and to prevent the spread of chromium to the active regions of
the cathode. While some components can be coated with a non-conductive layer,
the tubular wire interconnect, and the planar interconnect face and mesh current
collectors need to have an electrically conductive coating. This project will establish
an inexpensive, high throughput coating method and QC inspection techniques to
replace the use of expensive metals such as silver or gold.

Problem Solved (Gap)
e Need to eliminate expensive alloys used to prevent corrosion
Benefits Derived
e Reduce cost by enabling the use of inexpensive alloys for the interconnect
components
e Reduce cost by replacing currently used silver with less expensive metal
alloys

e Improve stack durability by limiting corrosion and the concomitant release
of volatile chromium species that lead to poisoning of SOFC cathodes
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e Improve stack durability by stabilizing corrosion products against
spallation that is a common source of thermal cycling degradation.

Resources Needed
e  Projected investment of $5.3 M

Timeline to Completion
e Two years

6.4.2. Defect Free Electrolyte Layer

This project will establish high-throughput manufacturing processes to apply
uniform and repeatable thin (~10 um) electrolyte coatings and develop inline
inspection and QC procedures. From several potential deposition methods identified
to deposit thin films, a single process will be selected that best achieves film
specifications.

Problem Solved (Gap)
e Reduce the high cost of SOFC cell components through the use of
automated production and in-line testing

Project Description
e  Establish high-throughput manufacturing processes to deposit flaw-free,
thin (~10pm) electrolyte films on tubular and planar SOFC anode

substrates
Benefits Derived
e The cost of cell components can be reduced by efficient use of capital
equipment

e  (Critical flaws can be identified and separated from the production line
before the value-added sintering process

e  $460/kW savings for a tubular SOFC system capable generating 500 W to
10 kW

Resources Needed
e  Project investment of $1.3 M

Timeline to Completion
e Oneyear

6.4.3. Manufacturing of Low-Cost, High-Efficiency Insulation Package

There exists a need across the entire SOFC industry for a low cost net shape or near
net shape forming process for high performance insulation materials. This project
will capture the best practices from outside the fuel cell industry and develop a
scalable and repeatable method for low cost manufacturing of SOFC insulation that
reduces cost by more than 50%.

Problem Solved (Gap)
e The raw material waste stream from the currently used machining
operations can be as high as 80%
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Benefits Derived
e Reduce the cost of SOFC insulation subassemblies by developing and
validating a scalable, single step, net shape forming process to transform
low cost raw materials into final components

Resources Needed
e  Project investment of $2.4 M

Timeline to Completion
e Two years

6.4.4. Solid Oxide Fuel Cell Automated Assembly

For cells and stacks, proper alighment and registration of the individual parts are
critical to maximize performance and minimize stresses. Automated pick and place
stacking equipment will add consistency to stack component position, registration,
and variation. Automated assembly solutions should be implementable for both
tubular and planar SOFC cell systems.

Problem Solved (Gap)
e The need for stack quality, repeatability, and yield in high volume
production, stack assembly will require increased automation as volume
levels increase

Benefits Derived
. Increased reliability, repeatability, and quality
e  Savings of $450/kW for planar solid oxide fuel cells

Resources Needed
e  Project investment of $2.9 M

Timeline to Completion
e Oneyear

6.4.5. Solid Oxide Fuel Cell Stack Manufacturing, Commissioning, and Testing

Stack acceptance testing conducted on the as-built stack can typically can take up
to 48 hours. A high-rate and high-utilization processes is needed to increase the
throughput and utilization of stack manufacturing capital equipment.(i.e., seal
conditioning, anode reduction, and electrochemical acceptance testing.

Problem Solved (Gap)

e The process of commissioning the stack (making it electrochemically
active) and completing the requisite acceptance testing typically can take
up to 48 hours

e The stands tend to be expensive capital items, due in part to the stack
build requirements and to the testing requirements

Project Description
e  Establish high-rate, high-utilization processes for (1) seal conditioning; (2)
anode reduction; and (3) electrochemical acceptance testing

Benefits Derived
e Increased throughput
e  Savings of $900/kW for planar SOFCs
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e Savings of $300/kW for tubular SOFCs

Resources Needed
e  Project investment of $4.3 M

Timeline to Completion
e  Oneyear

6.4.6. Net Shape Manufacturing of Stack Manifolds

Stack manifolds, referred to as “endplates” for planar stacks and “plenums for
tubular” stacks, are currently made using time-consuming and wasteful machining
methods. This project aims to identify and validate economical net-shape
manufacturing processes for SOFCs.

Problem Solved (Gap)
e Stack manifolds currently are manufactured using expensive machining
methods
Benefits Derived
e A substantial reduction of stack cost when manufacturing volumes
increase

Resources Needed
e  Project investment of $2.7 M

Timeline to Completion
e 15years

6.4.7. Powder Acceptance

Ceramic cathode powder characterization techniques are needed that could
determine the electrochemical activity of powder, without making and testing a
sample fuel cell to validate each powder lot. This project focuses on developing
quality control methods that can be used at the powder manufacturer or at fuel cell
fabricators to ensure that acceptable ceramic cathode powder lots are produced.

Problem Solved (Gap)

e Many types of ceramic powders, with varying degrees of consistency, are
used in the manufacture of solid oxide fuel cell electrolytes, anodes, and
cathodes. The bulk of the reproducibility issues occur with the oxygen
electrode or cathode powders. The requirement for consistent cathode
powders is a significant need.

Project Description
. Develop powder characterization technique to determine the
electrochemical activity of the powder, without requiring the time-
consuming process of making and testing a fuel cell to validate the
powder.

Benefits Derived
e A set of quick and inexpensive evaluation tests (3-4 hours) for ceramic
electrode powders replace what is currently a full weeks effort
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Resources Needed

Project investment of $1.5 M

Timeline to Completion

6.4.8.

One year

SOFC Current Collection

The overall objective of this project is to fully automate the application of the
current collection system upon tubular SOFC. The present methodology involves
hand wrapping wire along the tube length which leads to issues with quality and

cost.

Problem Solved (Gap)

Present best practice for application of tubular current collection solutions
involves the hand wrapping of wire along the tube length with time
consuming wire anchoring operations at the start and finish of the wire
wrap. This application process is labor intensive, creates significant scrap
or rework and in addition does not generally provide a uniform and
repeatable current collection solution.

With tubular systems, the conductive path length is considerably longer
than in a planar stack, therefore ohmic losses (resistive losses) in a tubular
SOFC are typically the dominant loss mechanism.

Benefits Derived

Eliminate 95% labor from the current collection application process
through automation.

Improve the quality of the applied current collection layer through ensuring
uniform repeatable coverage of the cathode and effective termination of
the wire at the start and finish of winding.

Improve cell robustness to thermal cycling through application of the
current collection at uniform tension.

Eliminate the re-work and scrap associated with the incumbent wire
winding process.

Resources Needed

Project investment of $2.2 M

Timeline to Completion

Two years
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F  Balance of Plant

General Introduction

Balance of Plant (BoP) consists of the remaining systems, components, and structures
that comprise the complete fuel cell system. It would require a separate book if every
balance of plant component of every fuel cell system of interest to DOD was detailed
from a current and best manufacturing process standpoint. It would also be
unproductive, as these components are often COTS items with a high TRL and MRL for
their intended application. In other words, they already represent the best manufacturing
practice and no further discussion is needed. With increased volume of fuel cell sales,
fuel cell companies will have the leverage to tailor many of these BoP components for
various fuel cell systems. Until then, fuel cells companies will continue to leverage
components developed for other markets.

Rather than cover as many as 400 individual balance of plant components across
dozens of fuel cell systems; it was determined that the most effective approach is to
discuss it within the framework of the five functional areas that comprise the balance of
plant. In the polymer section, balance of plant is composed of five major subsystems.

Mechanicals and Packaging
Power Management
Controls

Thermal Management
Reactant Management

This taxonomy for balance of plant is shown in Figure 7-1. Two of these five major
subsystems, Mechanicals and Packaging and Controls, do not lend themselves to further
investment from the fuel cell community. Conversely, Thermal Management, Power
Management, and Reactant Management have been identified as significant focus
areas for manufacturing improvements. Within these three subareas, a particular
emphasis on thermal and reactant management will be discussed in detail. Thermal
management areas include lightweight heat exchangers for UAV applications and the
need to reduce the overall cost of heat exchangers for fuel cells. Reactant management
includes fuel processing, fuel and oxidant delivery, and water management. Each of
these subareas are in need of further improvements, particularly fuel and oxidant

delivery.
BOP
Subsystems
Mechanicals/ | | Controls/ | | Thermal | Reactant [ | Power
Packaging Software Management Management Management

Figure 7-1: Balance of Plant

In fuel cell Balance of Plant (BoP), the predominant baseline practices involve a
combination of adaptive COTS and desighed components. The general rule of thumb is
to first try to identify a COTS application that works. Failing that, try to adapt a COTS
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component to the fuel cell requirement; and if neither is possible, custom design the
component.

Mechanicals and Packaging baseline practices are considered sufficient to meet DOD
and civilian fuel cell needs. This is also true for Controls. Both of these BoP areas have
well established manufacturing practices and there is very little additional adaptation
required to meet fuel cell requirements.

Power Management represents between 11-20 % of the BoP cost drivers. COTS products
from similar applications continue to be selected. Increased volumes of fuel cell orders
are necessary to drive COTS electronics suppliers toward developing products specifically
for fuel cells. One area of Power Management that requires further advancement is
integration with alternative power sources from wind, solar, waste, or thermal energy
systems.

Thermal Management, representing only 5-6 % of BoP costs, will be only selectively
discussed for manufacturing improvements. Thermal management of fuel cells in
lightweight applications require heat exchangers with reduced weight. Unmanned Aerial
Vehicles (UAVs), for instance, will need these lightweight heat exchangers for increased
range and loiter time. Heat exchangers are also a significant cost driver in fuel cell
systems. They need to become more affordable in the future, as they represent a
significant portion of BoP costs.

Reactant Management manufacturing practices are by far the key areas for
improvement, as they represent the largest cost driver share (19-41 %) for BoP. These
areas can be further subdivided.

° Fuel processing technology and manufacturing, with a detailed discussion on
desulfurization of military logistics fuels (e.g., JP-8)

° Reducing the cost, size, and purification of reformates, including developing a
process to replace existing pressure swing absorption (PSA) processes with
membrane separation technology

e Transitioning from existing expensive tubular humidifiers to flat sheet planar
humidifiers

e Minimizing fuel recirculation requirements wherever possible

e Using Design For Manufacture and Assembly (DFMA) techniques to match
system needs with the right blowers, compressors, and pumps

e Developing more advanced and affordable water management systems

Because BoP is spread across so many fuel cell systems, it is critical to identify cost
drivers across a smaller number of systems that are still representative of the fuel cell
BoP at large. To that end, BoP cost drivers are addressed using three general fuel cell
system applications: (1) 2-10 kW PEM autothermal reforming (ATR) natural gas (e.g.,
Tactical APUs); (2) 2-10 kW PEM direct hydrogen fueling BoP components (e.g.; material
handling equipment); and (3) 500 W reformed methanol fuel cell (e.g., portable soldier
power).

Military Perspective on Balance of Plant

The Balance of Plant can be defined as the peripheral and supporting infrastructure
around the working fuel cell. The manufacturing issues around this topic will be given
further consideration in the body of this report, but it is of considerable importance that
BoP has a major impact on military performance requirements for power sources,
because they are developed on the basis of application and user needs. While the major
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emphasis is on providing the warfighter with a power source that has the smallest size,
lowest weight, and highest energy, the complete set of requirements are developed
based on the operational and usage scenarios that the system is likely to be exposed
during its transportation, storage, use, and disposal. These include the following
considerations.

The operating/storage temperature, altitude and humidity levels
Exposure to shock, drop, and vibration during shipment and use
Force protection - noise levels and thermal sighature

EMI/EMC interference with other soldier equipment

Rain, dust, wind, and sand protection

Thermal shock

Water immersion

The above considerations are translated into a specific set of requirements that are
typically communicated to systems developers and integrators. The ultimate objective is
to ensure that systems survive these extreme conditions when deployed. The MIL-STD[]
810 test procedures covering all the categories listed above are requirements for fuel
cell systems.

Conformance to MIL-STD specifications, also known as “system ruggedization
requirements,” imposes a number of constraints on the system design, packaging,
materials, component selection, and the specific manufacturing process and tolerances
allowed. For example, systems and platforms used in military applications have to
operate at ambient temperatures that can range from -40 °C to +85 °C. This may
require high performance insulation materials or the installation of an energy source
(battery) to facilitate the operation at low temperatures. Products must also withstand
extreme shock, vibration, humidity, and other challenging environmental factors. Special
shock mounts may need to be incorporated in the design to absorb extreme shocks to
the system. More often than not, the system developer or manufacturer will find that
trying to accommodate the ruggedization requirements leads to a product that is heavier
and larger than what is required by the military. In addition, ruggedization requirements
almost always lead to higher cost for the BoP components as a percentage of the
resulting final product.

7.1. Cost DRIVERS FOR BALANCE OF PLANT
Introduction

The balance of plant encompasses all the components in the device other than the fuel
cell stack. This includes pumps, blowers, filters, sensors, seals, fluid handling,
electronics, and thermal management. These components account for as little as 40%
and as much as 80% of the total system cost depending on the application. Lower power
systems tend to have a higher cost component (relative to the fuel cell) associated in the
balance of plant than higher power systems. One possible exception is in DMFC systems
where stack costs continue to dominate.

Proper design, selection, and integration of balance of plant components is a key factor
in the performance, lifetime, and cost of the power generation system. The Power
Management subsystem consists of internal power conditioning, external power
conditioning, electronics thermal management, capacitance, hybridization, and EMI
protection measures. The Reactant Management subsystem contains fuel processing,
fuel and oxidant delivery, and water management. The Thermal Management subsystem
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contains the cooling and heating equipment as well as heat dissipation devices. The
Controls subsystem contains active and passive control and monitoring equipment.
Finally, the Mechanical and Packaging of the system provides structure, mounting, and
protection and is treated as another balance of plant component.

BoP Component Breakdown

The breakdown for BoP is as follows: Power Management, Mechanicals and Packaging,
Controls, and finally Thermal Management. In the Reactant Management subsystem,
delineations were made to focus on specific cost drivers. The generic Reactant
Management system was further broken down into fuel processing, fuel and oxidant
delivery, and water management components. Each of these components was
determined to have a significant cost driver to the overall system. In the fuel processing
subsystem, the major focus areas for cost reduction and advancement were identified
as desulfurization and hydrogen separation. In the fuel and oxidant delivery system, it
was determined that humidification (also included in the water management category),
fuel recirculation, and oxidant delivery methods were significant cost drivers.

The second highest cost component was the Power Management system which was
broken down into hybridization, internal power conditioning, external power conditioning,
electronics thermal management, capacitance, and finally EMI protection. A focus area
for the Power Management system was identified as integration with emerging and
other alternative power sources.

Mechanicals and Packaging accounted for the next highest portion of BoP costs.
Although this area is mature from a design perspective, some focus is spent on
hardening aspects for passing military acceptance testing, such as MIL-STD-810.

The Controls component of the Balance of Plant was not identified as a significant area
for focus on manufacturability cost reduction effort.

The last identified component of the BoP is the Thermal Management system. Although
not a significant cost driver, it was determined that modest investments in
advancements in design and integration of heat exchangers could result significant
system advantages.

The breakdown, as shown in Figure 7-2, highlights each sub-area within the major
components that requires additional development to meet cost reduction.
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BOP Subsystems
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Figure 7-2: Focus area breakdown for balance of plant
(Brown highlighted sub-areas require additional development to meet cost reduction)

The best current practices for integration of balance of plant systems and components in
polymer fuel cell systems focuses on elimination, and when possible, utilization of un[]
modified commercial components or systems. If elimination is not feasible, modified
COTS components are used when necessary. Custom designed solutions are
incorporated when COTS components are not compatible, fail to meet requirements, or
cost or manufacturability drivers preclude their use in the system.

System designs that represent best current practices utilize well-known design principles
for DFMA, lean manufacturing practices, and integration of quality checks in the design
and manufacturing process.

Quality Assurance for BoP Components

The best candidates for manufacturing process improvement were determined by rating
specific components by total cost and assessing that the potential for improvement was
high. In some cases, specific components were selected if their costs were high even if
the potential for improvement was only medium.

e Design for Manufacture and Assembly (DFMA) is a well-known analysis tool
that calculates the cost to manufacture and assemble a component part by
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accumulating the time for the selected individual manufacturing steps on a
complete design (catalogued with associated operating time) and applying
company labor rates and burden. In this way, various approaches can be tried
until the minimum cost is attained. As an example, the cost to machine a
finished shaft from a rough casting would be determined by imputing the
diameters of the original and desired part, material type and condition, surface
finish, lathe or other material removal tool, material placement and removal
techniques, and machine/labor/burden rates. The output would be the cost
versus the manufacturing technique used.

e Lean Manufacturing is used by most mature fuel cell OEMs as their primary
manufacturing philosophy in order to reduce capital investment, retain
flexibility in configuration, and reduce or minimize manufacturing costs even at
modest production levels. This approach is composed of many elements
including: cellular/one piece flow, assembly teams, and various proven foreign
assembly techniques such as taktzeit, poka-yoke, and Kanban. The essential
principle is that a worker or a team of workers move the component through
several assembly stations in the cell as it is completed. Generally, the final
station has automated functional testing and quality control. All the parts and
tools are available at each station for the step to be completed at that station
along with “foolproof” instructions. In this way, low cost labor can be used.
Production volume is increased simply by increasing the number of workers.

e Six Sigma is a well proven manufacturing quality control approach popularized
by GE. At a 6o level there are 3.4 failures per one million parts.

The fundamental gaps for the specific subsystems will be discussed in detail in later
sections. The high-level gaps in this discussion relate to the level of use of simplification,
DFMA, lean and Six Sigma practices in the industry. Short project timelines and low
volume delivery of product reduces the implementation of these practices. Large
investment in NRE, tooling and design optimization efforts are not compatible with short
delivery schedules and small volume deliveries. Opportunities exist for advancement in
these areas by commitment to acquisition of these power generation systems or
increased market penetration. Current Best Practices, when utilized, offer appropriate
levels of cost reduction and reliability for these systems. At the highest level, volume
acquisitions of these systems offers the best path to further cost reduction.

7.2. REACTANT MANAGEMENT
Introduction

The Reactant Management System (RMS) is a closed system that catalytically converts
hydrocarbon fuel and an oxidant (typically air, but in special applications pure oxygen, or
LOX), to reformate, a hydrogen rich stream that may be pure hydrogen or a mixture with
other components. After hydrogen leaves the RMS, it is delivered to the fuel cell stack
where it is used to produce electrical power, heat, and water. Typically, fluids in the
exhaust of the stack are returned to the RMS for use in the conversion process. The
overall process removes non-hydrogen contaminants from the fuel as it proceeds in a
step by step process until adequately pure hydrogen is produced. The Reactant
Management System increases in complexity as the hydrocarbon fuel has a higher
carbon fraction. Logistical fuels require the greatest number and complexity of
components. There are a number of different arrangements for the individual process
steps, including catalyst based reactors, mechanical separation, and heat exchangers,
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but all must lead to a low ppm level of carbon monoxide (CO). The most common
process components are described below (not necessarily in sequential order).

Desulfurizer - can be a physical or chemical separation device to remove the
sulfur compounds present in hydrocarbon fuels, such as mercaptans,
thiophenes, and sulfides. Sulfur acts as a poison to the fuel cell catalyst as well
as several fuel processor catalysts. The desulfurizer can precede the reformer
or follow depending on the design of the reformer. For steam methane
reformers, the desulfurizer precedes the reformer because of the high reactivity
of the nickel catalyst with sulfur. For autothermal reformers and catalytic
partial oxidation reformers, the desulfurizer can either precede or follow the
reformer.

Autothermal reformer - is a catalytic reactor that converts the hydrocarbons
into a syngas (Hz, CO, CO2, N2, H20, and trace amounts of CH4 and other
hydrocarbons). In order to accomplish the partial oxidation and steam
reforming reactions, the reformer operates at very high temperatures, greater
than 800 °C. The purpose of the remainder of the components is to remove the
CO, trace amounts of HC, and reduce the nitrogen to the greatest degree
possible. Sulfur compounds in the feed stream are converted to H2S.

Shift reactor -_is also a catalyst based reactor and enables the water gas shift
(WGS) reaction (CO + H20 - CO2 + H2). The forward reaction is favored at lower
temperatures so the shift reactors operate between 200 °C and 450 °C. The
fuel processor will often have two different shift reactors: a high temperature
shift (350 °C) and a low temperature shift (200 °C). The use of the WGS
enriches the hydrogen content of the syngas.

Preferential Oxidizer - operates at 100 °C to 200 °C and can further reduce the
CO to the ppm level, but consumes hydrogen in the oxidation process.

Stack Anode Air Injector - adds air to the reformed gas at stack temperature to
reduce the CO level to the lowest possible value while minimizing the amount
of hydrogen consumed.

Anode Tailgas Oxidizer - the major heat source for the RMS generated by
catalytically oxidizing the H2 not consumed by the fuel cell and exiting in the
tailgas.

Membrane Separator - is a membrane in a plate frame construction that is
permeable to only CO2 and Has and therefore could separate out contaminants
leaving an enriched hydrogen stream. When used in conjunction with a WGS
reactor, it can eliminate the need for a preferential oxidizer by reducing the CO
concentration.

Pressure Swing Absorber - is a separator consisting of two or more vessels
containing contaminant sorbents that alternately take up the CO2, N2, H2S, and
CO leaving pure hydrogen for the fuel cell stack. It eliminates the need for a
preferential oxidizer.

In addition to utilizing the components described above, other conditions must be met
by the RMS. Two overarching requirements must be satisfied in the RMS design.

The components must be highly thermally integrated to have maximum use of
heat energy.

They must be able to respond rapidly to transients without degrading reformate
quality.



122

These requirements flow down to all the components described above. Of these
components, the desulfurization and reformate purification have been selected for
detailed analysis of current and future manufacturing practices.

The three representative BoP systems, the material handling equipment (MHE), soldier
power battery charger, and tactical auxiliary power unit (APU) have different system
configurations to meet the performance specification for the application because they
use different fuels (hydrogen, methanol, and JP8, respectively). Figure 7-3 indicates the
sequence of flow through the RMS - typical for gaseous hydrocarbon fuels for the
purpose of understanding the function of the components and system before evaluating
their current and best manufacturing practices for low temperature PEM fuel cell
systems.
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Figure 7-3: Gaseous flow through the RMS

Water Management / Humidification

Low temperature PEM fuel cell performance and life are improved if the humidity of the
inlet fuel and oxidant stream to the stack is maintained at a high level. The flow of fuel
and oxidant in these systems can result in net moisture being carried away from the
stack via humidification of the fuel and oxidant streams exiting the stack, resulting in
membrane “dry out” and loss of conductivity. Maintaining the humidity of the inlet
reactants at a high level minimizes the loss of moisture from the Nafion membrane
during operation, thus maintaining the proton conductivity of the membrane.
Humidification of the inlet reactant streams can be easily achieved if an external source
of water is available. However, for self-contained complete power system solutions
where the use of an external water source is not an option, humidification is typically
achieved by transferring water from the stack exit streams to the corresponding inlet
streams. The balance of plant components that are used to accomplish this are referred
as the water management subsystem.
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Direct Methanol Fuel Cells also require a water recovery step in addition to the
humidification of the inlet reactant streams. Water is recovered from the exiting cathode
air stream and used to dilute the concentration of the methanol fuel. Maintaining the
concentration of methanol fuel that is fed to the anode side of the stack below a
threshold level is important to minimize “fuel crossover” across the membrane and
maximize the system efficiency. The process steps that make up the water recovery
system include condensation of the water in the exiting cathode stream and subsequent
transfer of water to the anode feed side.

Current Best Practices

In low temperature PEM systems the fuel and oxidant feed streams are pre-
humidified before being fed to the stack by exchanging water vapor with their
respective exit streams from the stack. The fuel and oxidant exit streams from
the stack are typically at a higher temperature and saturated with water vapor
when compared with the respective feed streams to the stack. Thus, a natural
partial pressure gradient is available for water transport from the exit streams
to the respective feed streams.

Nafion membrane base separator modules facilitate the transport of water
vapor from the exit stream to the feed stream without allowing mixing of other
constituents in the streams.

Tubular membrane based modules are readily available as COTS components
(e.g., Perma Pure) in a variety of sizes and are commonly used in the industry
for humidification.

Planar membrane based modules in plate and frame configurations can be
significantly cheaper due to the cost advantage of flat Nafion membranes over
tubular Nafion membranes. However, flat membrane modules may be
significantly larger due to the low active surface area per unit volume that can
be achieved in this configuration. Flat membrane modules may also be more
expensive than tubular membrane modules since they are not available as
COTS components having to be custom designed and built.

Water recovery is accomplished by using finned air-cooled heat exchangers
where the oxidant stream exiting the stack is cooled. This results in the
condensation of excess water vapor that is then fed to the anode fuel-mixing
tank via a pump. The heat exchanger is typically located downstream of the
membrane based module to capture the remaining water vapor in the oxidant
stream.

Gaps and Issues

Military fuel cells are required to perform over a wide environmental
temperature performance range (typically -20 °C to +55 °C). At the high end of
the ambient temperature range, the temperature differential between the
exiting reactant streams from the stack and the feed streams is narrowed. In
the case that the ambient humidity conditions are also high, the membrane
surface required for water transfer in the water management module would
also increase resulting in higher weight and cost.

Similarly, the heat exchanger surface area needed for water recovery also
increases resulting in increased costs. Lowering of the upper temperature limit
for performance may reduce the surface area requirement for water transport
resulting in lower costs for the water management module.
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Recommended Best Practices

. Develop DFMA designs for the water management modules and use lean
manufacturing Six Sigma principles in order to lower the cost of this sub[]
system. These guidelines are prescribed for both the flat membrane as well as
tubular designs.

. Novel membranes are now available from European manufacturers that have
properties that are similar to Nafion but significantly cheaper. DFMA designs
need to be developed for these new membranes and the modules assembled
and qualified for use in fuel cells.

. For water recovery, emerging best practices include development of
microchannel or louver type finned heat exchangers that are designed for
manufacturability. Fin designs and heat exchanger thickness can be optimized
for cost and weight.

e Address the leakage that plagues the current designs. These can minimize the
failure rates of these modules and expand their operating life. New robust
designs and manufacturing processes are needed to minimize failure due to
leakage. Process steps that can facilitate the identification of defective
membranes in the manufacture of these modules can help in maximizing
yields and promote long life operation.

e  Current designs need to be examined for utilization of membrane surface area.
The gas flow distributions in current designs may not be optimized for
residence time resulting in significant over design. There is a significant
opportunity to reduce the membrane surface area by designing and
assembling the modules for maximum utilization of the available membrane
area. Manufacturers of fuel cell systems have not invested the time and effort
necessary to conduct statistically significant studies and generate empirical
performance data that can be used to develop optimal designs for these
modules.

o Development of high performance stacks that can operate at a lower
stoichiometry will prevent water loss from the stack through evaporation, thus
reducing the demands on water recovery and management.

Fuel and Oxidant Delivery Subsystems

The Fuel and Oxidant Delivery Subsystems consist of the pumps, regulators, valves and
plumbing that supply the three required reactants to the fuel cell stack: liquid or gaseous
fuel, air (i.e., gaseous oxidizer, but in special applications could be oxygen or LOX), and
water, as shown in the top level of Figure 7-4. While the specific requirements and
implementation of these components will vary according to the size, fuel and
performance requirements of an application, three typical systems representative of
military and commercial applications were considered for determination of potential for
improved manufacturing practices: hydrogen powered material handling equipment
(MHE) systems, methanol powered battery chargers, and liquid hydrocarbon (i.e., JP8)
powered APUs. Although a multiplicity of other designs and implementation exist, these
systems are representative of the components required for operation of polymer fuel cell
systems. The major components and their function are described below and shown in
Error! Reference source not found..

e Air pump(s) supply and control the amount of oxidant flowing to the fuel
processor and the fuel cell stack. Specific implementation may utilize one
cathode pump, two pumps, or one pump and a regulator valve. These specific
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implementations vary by application and vendor since flow and control
requirements differ among these systems and applications.

e  Hydrogen regulator controls the pressure and flow of hydrogen from a
pressurized tank to provide the desired amount of power. This is specific to
direct hydrogen powered systems, as alternative pressure and flow methods
may be used in reformed systems.

e Anode tailgas (hydrogen) recirculation pump returns the anode tailgas to the
inlet of the stack for further use, increasing system efficiency and hydrogen
utilization.

e  Fuel pump supplies and controls fuel to the fuel processor to provide the
desired amount of power. This is not required in direct hydrogen powered
systems.

e  Water pump can supply and control water to a humidifier, if needed.

e  Membrane Humidifier - Water is supplied through membrane humidifiers to the
anode and cathode sides of the PEM membrane to prevent dry out and hot
spots, which could lead to stack degradation. Some systems are capable of
eliminating one or both humidifiers in specific system configurations and
operating conditions. Water may be provided as a liquid or as a vapor, and is
typically recovered product water from system reactions.

The air pump and the anode tailgas recirculation pump were selected as the
components of the Fuel and Oxidant Delivery Subsystem that could benefit most from
best practices evaluation due to their cost and commonality in most FC systems, both
military and commercial.

Anode Tailgas
Recirculation Pump

Reformate

Fuel Cell Stack

g ,
&

Expander

Figure 7-4: Simplified MHE and reformate fuel and oxygen delivery subsystem

7.2.1. Fuel Supply
Current Best Practices

o The baseline practice for this component is essentially the same as for the
oxidant supply pump, but at a higher level of difficulty for hydrogen fuel.
There are fewer vendors because the hydrogen pump market is smaller
than the air pump market and there is a greater concern about the safe
use of hydrogen. Further, compatible material choices are more limited
due to sparking and hydrogen embrittlement and being more expensive.
Safe sealing and product certification is a major concern and adds to the
cost. Hydrogen pumps are specific to the MHE application.

Gaps and Issues

e The gaps and Issues for hydrogen pumps are similar to those for the
oxidant pump except for those facilitated by the unique characteristics of
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hydrogen. The greatest potential for pump cost reduction of any
considered opportunity is the use of a hydrogen ejector.

. It is expected that capital cost to establish a manufacturing facility would
be lower than that for any other pump type. The liquid ring pump, because
of its reduced tolerances, should be the second lowest manufacturing and
capital cost.

e Both of these pump approaches are high risk, high payoff, and need
further study and DFMA to assess true cost.

e There are fewer vendors because the hydrogen pump market is smaller
than the air pump market and there is a greater concern about the safe
use of hydrogen.

° Further, compatible material choices are more limited due to sparking and
hydrogen embrittlement and being more expensive. Safe sealing and
product certification is a major concern and adds to the cost. Hydrogen
pumps are specific to the MHE application.

Recommended Best Practices

The best practices would be essentially the same as the current practices for the oxidant
supply pump, but at a higher level of difficulty for hydrogen fuel. There are two additional
practices specific to hydrogen and the water friendly nature of the membranes:

e The evaluation of a liquid (water) ring pump and the use of a custom designed
ejector. If the technical benefits of this approach can be verified, a complete
system analysis and DFMA to establish cost/benefit should be performed.

e Liquid ring pumps are essentially vane pumps in which the cylindrical rubbing
surface for the vane would contact a ring of water that remains within the
pump and rotates with the vane. Water vapor that condenses or micro-droplets
that escape could be knocked out simply prior to the stack inlet.

° Ejectors are simple static devices that use the higher pressure of one liquid
component to pump another component. A common example would be a
steam ejector for pumping water. Of all the hydrogen pumping devices, this
should be the least costly since there are no moving parts. Commercially
available devices do not generally satisfy the specifications for fuel cell BoP
critical parameters. Further design and analysis is warranted.

7.2.2.  Air Supply
Current Best Practices

e  Materials are often not compatible with fuel cell systems, so custom more
expensive incarnations are required.

e |In addition, the specified design range for the fuel cell application only
partially overlaps the commonly available operating range for the
applications for which the pumps were originally developed. Generally, a
larger or higher powered version is used resulting in inefficient, bulky, or
expensive components. Pump parasitic power is typically 10% or more of
the system output and has a serious effect on system efficiency.

e System integrators utilize air delivery pumps that are primarily modified
versions of available COTS components. These modifications are generally
minor, such as changing the direction or location of an inlet or outlet
connection since it is very difficult to modify the operating range of a
pump without a complete aerodynamic redesign.
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An unintended consequence of the difficulty and lateness in establishing
the pump specification and finding a best fit pump.

Gaps and Issues

The market volume for fuel cells has not yet reached levels where pump
suppliers are willing to invest in developing commercial products for the
industry because their ROl is below acceptable levels.

Component OEM suppliers and system integrators are reluctant to
establish a class of blower optimized for the FC application due to
associated costs and limited ROI.

Stack and fuel processor air supply pumps are generally not built by the
fuel cell system integrator. They are provided by suppliers according to a
specification developed by engineering to meet the product requirements.
The performance specifications for these devices are complex, since the
pump must operate over a range of pressures and temperatures under
both static and dynamic conditions, while meeting stringent parasitic loss
budgets.

The load curve is built on the resistances of many smaller subcomponents
that will change over the lifetime of the product. This effect adds another
degree of uncertainty that normally is addressed by making the
specification more conservative. Eventually, critical parameters and
tolerances will be developed.

Two of the most critical parameters are pressure ratio and flow rate.
Unfortunately, in most cases the pressure ratios approach 1.4, a higher
flow rate than the operating point of common economical centrifugal
pumps for non-facility applications. The result is that a more expensive
positive displacement pump must be used. These pumps typically have
rubbing or clearance seals that either require higher power or have limited
wear capability.

Recommended Best Practices

Subcomponent Reduction/Simplification and Collaboration - A significant
cost reduction can be made through joint, open participation of
component OEM suppliers and system integrators. This requires
communication in a more integrated manner, earlier in the development
process before individual subcomponent designs are finalized. Individual
subcomponents should be methodically reviewed, their functions
analyzed, and combined, if possible, resulting in fewer parts to handle.
DFMA should be performed on the resulting subcomponent configuration.
System Integration -_The reduced number of subcomponents, including
pump, piping, instrumentation, and cooling valves that interact with the
pump should be combined into a highly integrated modular package
surrounding the pump with the fewest external connections and both
mechanical and fluid integration.

Performance Map Flexibility - Develop a mechanical design approach for
the pump that would allow the pump to be modified to vary the
performance map. This could be accomplished by desighing the pump
with an outer shell for strength and an inner liner and rotor/lobe/gear/etc.
that can be easily replaced to tune the pump. Alternatively, a set of inserts
or breakaway tabs could be provided that would change swept volume.
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o  Family of Pumps - Develop the critical parameters for a family of pumps
(instead of just one) and establish the associated set of specifications so
that designs can be specifically engineered of different capacities to cover
the common operating range for the FC products. The NRE cost of having a
custom positive displacement pump designed for each product would be
dramatically reduced because the desigh costs would be spread over
many FC products. This would be equivalent to the family of centrifugal
pumps designs that range from radial to mixed flow to axial covering a
broad range of specific speeds. Combining this approach with the
performance map flexibility could yield even lower costs over a larger
operating range for the industry.

e Alternative Pump Types - Evaluate alternative positive displacement
machine designs (i.e., vane, lobe, liquid ring, scroll, and diaphragm) to
become the technology foundation for a family of pumps.

o Lower Materials Cost - Examine potential alternative low cost materials
(i.e., compatible plastics) for their ability to satisfy the pump cost, life, and
durability requirements. Utilize data from industries that have similar
operating environments and fluids.

. Improve interest in the FC market by convincing the pump suppliers to
design and develop a family of devices that have a broader application
rather than just one customer.

7.3. POWER MANAGEMENT
Introduction

Power management in fuel cell systems encompasses the practices around converting,
storing, and providing electrical power to the system as well as to the system loads.
Power management is a critical component in fuel cell system design and operation,
without which fuel cell systems would be extremely limited in scope and application. For
evaluation purposes, the Power Management component is divided into six major
sections including: (1) electronics thermal management (converter losses = heat),
(2) internal power conditioning (DC/DC conversion), (3) external power conditioning
(DC/AC inverter), (4)capacitance (transient response), (5) EMI protection, and
(6) hybridization (integration of battery, generators, and other renewable sources).

Electronics thermal management in the Power Management system provides removal of
waste heat from power electronics. Electrical thermal management may be independent
from other heat management in the system, or may integrate with other thermal
management systems.

Internal power conditioning provides parasitic or house power to the balance of plant.
Typically, this includes power conversion and intelligent flow of power from the fuel cell
and hybrid energy sources in the system to the components.

External power conditioning converts the energy produced into the form needed for the
application (regulated DC, AC, battery charging). This is similar to internal power
conditioning, with the exception of a typically higher complexity and control for external
power conditioning and delivery.

EMI covers electronic susceptibility and emission. Protection against transmission of
electromagnetic interference and susceptibility to noise may be required in commercial,
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industrial, and military applications with various levels of stringency, with military needs
being typically the most severe.

Capacitance and hybridization cover required peaking and system integration
requirements and capabilities. These power sources typically provide start up power for
the system, load leveling, and inrush current from loads.

These divisions are shown in Figure 7-5.

Power Management
l
Electronics Thermal Externg! quer EMI
Management Conditioning
Irgg:;e&l;’;:gr Hybridization Capacitance
|
Green Teo[hnologies
l
Wind Solar Waste Thermal

Figure 7-5: Power management system

Of special interest in the Power Management area, is hybridization with other power
sources from both conventional and alternative areas. Technology in this area has been
advanced in a variety of industries, including high volume manufacturing processes in
the electronics industry. There remains a need for system design specifically tied to
hybridization with alternative and emerging energy sources such as solar, wind, thermal,
and waste electrical generation.

7.3.1. Power Management in PEM Fuel Cell Systems
Current Best Practices

e Use designs that incorporate unmodified commercial alternative energy
systems to integrate alternative energy hybridization in polymer fuel cell
systems.

Gaps and Issues

e Little to no technological advancement is required for these
implementations, but investment in integrated system design and
demonstration would show a path to cost effective hybrid power
generation systems.

Recommended Best Practices

e Integrate other green and alternative technologies with fuel cell systems
as part of an overall system implementation. Design concepts that fully
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integrate hybridization of additional renewable technologies offers a path
to cost reduction on a per watt basis for both the fuel cell system and the
alternative power generation method. Integration of these systems offers
a part count reduction, removal of redundant components, and expanded
system capabilities.

7.3.2. Power Management in Ceramic Fuel Cell Systems

It is typical to develop purpose-built SOFC fuel cell system power management
hardware. COTS hardware available in the renewable energy industry generally is
not leveraged because it lacks some critical features required for fuel cell system
operation while at the same time having other features that are of no utility. Fuel
cell systems have a variety of parasitic loads such as pumps, compressors, blowers,
and controls that must be managed. Capacitance must be provided to
accommodate in-rush currents from some loads, such as pumps and compressors,
and it is typical to employ a hybrid system that can integrate battery, generator, and
other renewable power sources into a single control system. This is particularly
important given the delay in SOFC start-up and the need for controlled cool-down.
Note that the power management sub-system discussed here is also often known
as a Power Conditioning System (PCS), as shown in Figure 7-6 from a DOE SECA
program presentation.

300 MW PCS
Approximately Semiconductors 18kV AC 345kV AC
500 Fuel Cells .
e — Packaging and Interconnects
~700VvVDC
HF Transformers
»|  Filter Inductors and Capacitors IEEE - 519
Ripple <2% Cooling System IEEE - 1547
Stack Voltage 60Hz Transformer up to 18kV Harmonic Distortion
Range ~700 to
1000V Breakers and Switchgear Future: HVYDC Transmission?
$40-$100/kW

Figure 7-6: FC power plant requirements for high-megawatt PCS

Current Best Practices

e |t is typical for companies to outsource some or all of the power
management electronics. Many report performing in-house circuit design
engineering, but then outsource board layout, component population, and
in some cases testing. Others have outsourced the entire power
management (or balance of plant electrical) subsystem but this can take
years and several iterations to perfect such a partnership.

e  Given the relatively high temperatures at which stacks operate and, in the
case of transportation applications, the very hot environments these
systems could be operated in, it is necessary to engineer components to
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survive at under the hood temperatures of 105 °C with transient
excursions as high as 125 °C.

e Maximizing power management circuit efficiency and minimizing losses
are most critical for low power systems, as there is very little budget for
parasitic losses or thermal rejection due to circuit losses. This also
motivates custom engineered electronics in most applications.

e It is preferable to buy COTS components for the BoP wherever possible;
however, current development methodology is to begin with the stack
desigh and only later determine what components may serve in the
balance of plant (BoP).

Gaps and Issues

e New power conversion devices may drive the need for new manufacturing
technologies, but it is too early to determine any cost implications from a
manufacturing perspective. New technology will be needed to meet the
aggressive cost goals (reports from the DOE Solid State Energy Conversion
Alliance (SECA) program).

e  Manufactured costs are high because of the reduced the number of
inexpensive board-level COTS components (i.e., integrated circuits and
discrete components) that are qualified for use in the electronics sub[]
system.

° In many cases, this results in the need for BoP components that do not
exist or are not well matched to the requirements of the stack. This may
increase costs or space claims of the power management sub-system.

Recommended Best Practices

e  Pursuing a system level desigh approach to incorporate BoP components
is a more cost effective method than modifying the fuel cell systems after
they are built. In fact, while volumes remain relatively low, it may even be
preferable to tailor a stack to the BoP components that are readily
available in the commercial marketplace.

o |dentifying power management circuits or sub-systems that may have
alternate uses, for example in an uninterruptable power supply (UPS), may
offer an opportunity to spread non-recurring engineering (NRE) costs over
a wider product base and consequently reduce costs.

7.4. CONTROLS AND SOFTWARE

Controls and software are integral parts of fuel cell systems. The combination of control
hardware, software, and safety devices is a driver in systems safety, reliability, and cost.
Although not always a large portion of the cost of a system, hardware based safety can
affect the bottom line in system expense, depending on design, implementation, and
reliability. The same can be said for controls and feedback systems, where making
measurement based decisions can increase the cost of the overall system. One example
is measuring mass flow of the oxidant stream, and adjusting delivery based on this
measurement. Calibration of flow curves offers an alternative method of flow control
and eliminates what is a potentially high cost item (mass flow sensor/control) from the
system. Elimination (or inclusion, when necessary) of safety systems should be based on
known requirements (codes and standards) and well known safety analysis method like
Failure Mode Effect Analysis (FMEA) and Hazard and Operability Studies (HAZOP). These
studies are typically performed against the devices process and instrumentation
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diagram (P&ID). They typically call for redundant safety measures, where no single fault
error can offer the significant likelihood of a significant hazard. The military uses a
document that outlines the process for evaluating hazards in systems, MIL-STD-882
(Standard Practice for System Safety). Evaluation criteria for the standard are shown in
Table 7-1.

Suggested Mishap Severity Categorles. Suggested Mishap Probability Levels

Category i Safaty, and Health Result Criteria Description Level | Specific Individual item Fleet or Inventory
Catastrophic | | Could result in death, permanent total disability, loss exceeding Frequent A Likely to occur often in the life of an item, | Continuously
$1M, o ireversible severe emvironmental damage that viclales. wiith a probability of occurrence greater experienced.
law or regulation, than 10* in that life.
Critical ] Could result in permanent partial desability, injurics or Probable B Will occur several times in the life of an Will ocour frequently.
occupational iliness that may resuft in hospitalization of item, with a probability of occurrence less.
al loesl three personnel, loss exceeding $2004 but less than 10° but greater than 10¢ in that life.
than $1M, or reversible envir 4 1
a violation of law or regulation Occasional c Uikely to occur some time in the lfe of an | Will ocour several
item, with a probability of occurrence less times.
Warginal [} Could result in injury or pecupational iliness rasulting in than 10¢ but greater than 107 in that life.
one or mare lost wark days(s), loss exceeding H10K but
less than $200K, or mitigatible envirenmental damage Remote D Unlikely but possible to occur In the lifeof | Unlikely, but can
without violation of law or regulation where restoration an item, with a probability of occurrence less |  reasonably be
sctivities can be accomplished. than 10° but greater than 10% in that life. | ~expected to occur.
Negligiole W Could resultin injury or lness not resulting in a lost wark Improbable | E So unlikely, it can be assumed occurrence | Unlikely to occur,
day, loss exceeding $21 but less than $10K, or minimal may not be experienced, with a probability | but possible.
envirenmental damage not vikaling lew or regulation. of occurrence less than 107 in that life.

Table 7-1: Suggested mishap severity categories and probability levels
[Tables A-l and A-ll from MIL-STD-882]

Generally, a hazard is defined as a characteristic of a system that offers a potential for
accident. This may be a single event or combination of events that can happen during
system quiescence, start up, operation, and/or shut down. The aim of FMEA and HAZOP
analysis is to identify hazards and processes or designs that could reduce the likelihood
or severity of the hazard. Typical safety systems in solid oxide fuel cell (SOFC) devices
include:

Combustible gas detection
Overpressure relief

Redundant valves

Check valves

Flow reduction systems

Relays

Pressure switches

Redundant fuel and oxidant delivery

When feasible, safety and control systems should be minimized without loss of system
fidelity or increase in hazard. Some loss in system fidelity may be acceptable, based on
cost savings from simplification. Software based safety systems offer potential per unit
cost savings, by eliminating expensive hardware based safety devices. However,
software based safety systems may lead to requirements for integrated watchdog
processing, and separation of safety software from control software.

Although a conservative approach to safety is prudent, existing codes and standards for
safety and certification of fuel cell systems from bodies like UL, CSA, and CE often have
more stringent requirements for fuel cell equipment than for traditional counterparts in
industry. Many of the systems in fuel cell power generation devices closely mimic tried
and true methods in industry, and the addition of extra safety measures often increases
the cost of the system. In some cases, the additional requirements may reduce
reliability; based on the addition of components (more failure points) as well as false
positives in safety systems.
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Current Best Practices

e  Current best practices for integration of controls and software emphasize
hardware elimination or replacement with logic controllers and software, to
meet safety and standards needs.

e  When software controls or electronics replacement for hardware solutions are
not suitable, available COTS hardware should be used.

e  When no equipment is available, utilize existing manufacturers for design of
the required hardware.

e  Custom, internal designs should be the last resort for integration into the
system.

Gaps and Issues

e  Current best manufacturing practices are not used across industry, often
resulting in mechanical solutions when software is a viable safety solution.

° Education, along with codes and standards harmonization with existing
industrial equipment codes, is a potential cost reduction solution by eliminating
overly stringent requirements placed on the fuel cell industry.

Recommended Best Practices
e  Current best practices are acceptable

7.5. MECHANICAL & PACKAGING
7.5.1. Ruggedization in PEM Fuel Cell Systems
Introduction

Fuel cell system design has typically focused on performance and cost. There has
been less attention paid to ruggedization to meet the challenging requirements for
military applications. As a result, fuel cell systems often fail to pass the
environmental testing requirements of MIL-STD-810 and the electrical requirements
of MIL-STD-462.

These standards were developed by the government to provide guidance and
requirements for demonstration of the ability of equipment to survive the harsh
battlefield environment that military gear is regularly subjected. The tests described
are broken into methods and procedures which can be tailored to a specific
application of equipment. This requires identification of the planned uses for all the
equipment. For example, a stationary fuel cell system would not need to survive the
drop and shock tests, but would need to be moved to the field via truck, plane, or
helicopter. Based on this information, specific methods would be selected for
evaluation of the system with chosen procedures that match the environmental
condition experienced.

Current Best Practices

o Identify the operational and test requirements of the system and utilize
good engineering and design practice to design and build systems to meet
the test requirements. The systems are then tested and weaknesses
identified and addressed. Retesting then demonstrates the efficacy of
changes.
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Gaps and Issues

o Most fuel cell companies lack experience in the design, test, and redesign
of systems to meet military requirements. Often fuel cell systems focus on
mass and volume reduction, which typically does not align with
improvements in the ruggedness of systems. Opportunities exist to help
align industry with appropriate government prime contractors and test
labs to integrate military environmental and electrical requirements into
initial system designs.

Recommended Best Practices

e  Current best practices are acceptable for non-military BoP. Ruggedized
BoP still requires improvements.

7.5.2. Fuel and Oxidant Delivery in Ceramic Fuel Cell Systems

The fuel and oxidant delivery subsystems consist of the pumps, compressors,
regulators, valves and plumbing that supply required reactants to the system: liquid
or gaseous fuel, air and water (when needed). While the specific requirements and
implementation of these components varies due to size, fuel, and performance
requirements of an application, three typical systems representative of military and
commercial applications were considered: low power systems (<500 W),
intermediate power systems (500 W to 10 kW), and high power systems (10 kW to
250 kW). Although a multiplicity of other designs and implementations exist, these
systems are representative of the components required for operation of ceramic
fuel cell systems (Figure 7-7).

e Air filtering injection and metering (pumps, blowers, turbines,
compressors) clean, supply and control the amount of oxidant flowing to
the system. Specific implementation may utilize one pump, multiple
pumps, recirculation, or other methods of delivery.

e  Flow regulators control the pressure and flow of fuel and oxidant to
provide the desired amount of power.

o Anode recirculation returns the anode tailgas to the inlet of the stack for
further use, increasing system efficiency and fuel utilization.

¢  Fuel pumping supplies and controls fuel to system. This is not required in
gaseous fueled systems.

e  Water pumps can supply and control temperature of liquids to heat
exchangers and for recapture, if needed.

o Heat exchangers & recuperators provide heat transfer in the system.

The air injection and metering, liquid fuel pumping, and the anode recirculation
were identified as the components of the fuel and oxidant delivery subsystem that
could benefit most from best practices evaluation due to their cost and
commonality in most FC systems, both military and commercial.
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Figure 7-7: Mechanicals and packaging for a SOFC system

Current Best Practices

Current best practices for elimination or integration of liquid (fuel) pumps,
anode recirculation devices, and air movement equipment (turbines),
utilize COTS equipment for integration into ceramic fuel cell systems
whenever possible.

COTS equipment that is not suitable for use is modified for integration.
Use existing manufacturers equipment when specialized equipment is not
available.

Use custom, proprietary and internal designs.

Gaps and Issues

Existing solutions for ceramic fuel cell balance of plant components often
suffer from the lack of matched equipment. Typically, pumps, blowers,
and compressors used in these systems were designed for a different
application and modified to fit the fuel cell implementation, or were
custom made for a specific system. Both of these paths will result in
higher cost components than for those made as a commodity to fit an
application.

Need to identify multi-use paths for designed components in these
systems that allow desigh leverage and a path to cost reduction. This
would result in an advancement of manufacturing base for equipment
needed for these systems. This has been undertaken to some degree with
anode recirculation equipment for these systems, where it was
determined that no pumps exist in reasonable packages due to inlet
temperatures for the application (~800 C hot anode), but these pumps
could also be useful in semiconductor manufacture and in industrial
processing.

Recommended Best Practices

Current best practices are acceptable, but could be improved with
components designed for fuel cell applications.
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7.6. THERMAL MANAGEMENT

Thermal management in fuel cell systems encompasses the heating and cooling of all
system components, including stacks, electronics, and other generators and consumers
of heat energy.

7.6.1. Thermal Management in PEM Fuel Cell Systems
Introduction

One area that can benefit from investment and advancement is lightweight heat
exchangers that are designed to integrate with fuel cell systems. Technology in this
area has advanced in a variety of industries, including high volume manufacturing
processes in areas such as the automotive industry. There remains a need for heat
exchangers designed specifically for fuel cell systems.

Heat exchangers for cooling PEM fuel cells in UAVs must be customized for each
vehicle, as compatible off the shelf heat exchangers do not exist. Typically, heat
rejection for PEM fuel cells in UAVs requires a liquid cooling loop and an ambient air
stream heat exchanger. This increases the aerodynamic drag of the vehicle and
must also be lightweight to maintain performance. The typical solution is to use
heat exchangers made entirely of aluminum. Aluminum provides the best trade-off
of thermal conductivity and material density for this application. The limiting factor
for performance is the total surface area on the air side of the heat exchanger since
the heat transfer coefficient is much lower on the air side than the coolant side. A
folded fin structure that is brazed to the coolant loop is typically used to maximize
available air side heat transfer area, much like a radiator for an automobile. The
heat exchanger is also customized for the size and shape of the UAV and to
minimize weight.

Another area for heat exchanger development is to minimize corrosion. The heat
exchanger can corrode on both the inside or outside. This can be mitigated by
coating the inside with an impervious coating like Parylene coating and by
anodizing the outside.

Current Best Practices

e  The current best practices for heat exchangers in polymer fuel cell systems
eliminates their use when possible, utilizes un-modified commercial heat
exchanger systems if elimination isn't feasible, modifies COTS
components when necessary, and designs custom solutions when the
other options are not viable.

Gaps and Issues

e The primary existing gaps include material compatibility of COTS devices,
effectiveness, mass, and volume considerations. Often, COTS heat
exchangers fall short in one or more of these areas. There exists an
opportunity for investment to stimulate fuel cell system developers and
heat exchanger OEMs to collaborate on improvements. This is of elevated
importance in UAV systems, where mass and volume are critical drivers to
flight times and payloads. Designed integration into UAV and other
systems offers an opportunity for cost and complexity reduction, while
improving reliability and performance for the described systems.
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Recommended Best Practices

e The best practice for fuel cell system designers is to use COTS heat
exchangers, leveraging DFMA, design experience, and volume
manufacturing in industrial heat exchanger manufacture.

7.6.2. Thermal Management in Ceramic Fuel Cell Systems
Introduction

Heat exchangers are required components of the solid oxide fuel cell (SOFC) power
generation system. They are used to pre-heat the fuel and oxidant streams, to
maintain the temperature of the stack, and to enhance overall thermal efficiency.
With liquid fuels, heat exchangers vaporize the liquid prior to reforming to achieve
good mixing and avoid coking.

Operation of the SOFC stack requires balancing of heat generation from
electrochemical reactions with heat removal through three mechanisms - heat loss
to the surroundings, convective losses to the flowing streams (anode and cathode),
and cooling due to endothermic reforming.

Convective cooling is the main mechanism for heat removal from the stack (mainly
cathode side excess air). The temperature rise due to convective cooling is limited,
generally to about 150 °C, due to the operating characteristics of the stack. Heat
recovery requires efficient high temperature recuperators with associated cost,
weight, and volume impacts to achieve small approach temperatures.

Heat for incoming air and anode recuperation can be recovered from the convective
cooling streams from the stack itself, from the partial oxidation (POX) reformer, and
from the anode tailgas oxidizer. Figure 7-8 shows a typical SOFC system flow
diagram that includes anode recycle.

Eductor

Vaporizer
Fuel

Sulfur Gas Removal

From Cathode Air Preheater

Anode

Compressor = Cathode

Air

- SOFC Stack

—

Hot Box Cooling
Tail Gas Burner

To Vaporizer

Cathode Air Preheater

Figure 7-8: SOFC system flow diagram

Current Best Practices

Manufacture of plate-fin heat exchangers is an established practice, with numerous
firms qualified to perform the required services. The manufacturing steps for a
plate-fin ‘compact’-type heat exchanger are as follows:
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HX design and materials selection

Plate, fins, and frame fabrication

Jig design and construction

HX stacking with braze alloy (alternate, stack for laser welding or diffusion
bonding)

e Braze in furnace (or weld), under inert or reducing atmosphere

e  Cool, remove from jig, and leak test

Until manufacturing quantities ramp up, current practice is recommended for
construction of heat exchangers for SOFC power systems.

e The preferred heat exchange design is a plate-fin type, providing high
performance in a small package to maximize system performance.
Depending on the high temperatures involved, the construction is brazed,
welded, or diffusion bonded with no ‘soft’ seals that can deteriorate and
leak at high temperatures.

e The heat exchanger can be a COTS component, but it is more typically a
custom designed and manufactured component. Alternate designs include
brazed plate-frame and finned-tube heat exchangers. Soft sealed plate-
frame can be used when temperatures allow.

Gaps and Issues

e Issues for SOFC heat exchanger construction include material selection
and method of fabrication. Materials are typically low-alloy corrosion-
resistant materials. Due to SOFC sensitivity, chromium evaporation must
be avoided, so alloys that form passivating layers with no chromium
content are preferred.

Recommended Best Practices

As production rates increase, automation will become cost effective for the
component fabrication, stacking, and welding processes, and should result in
reduced manufacturing cost. Plate-fin compact heat exchangers are a good choice
for the smaller and medium power portable and mobile applications where system
volume and high performance are required. Less expensive plate-frame and shell-
tube heat exchangers are good choices for stationary applications where volume is
not critical and cost is more important.

Research efforts to improve heat exchanger performance and reduce costs are
described below.

e An alternative to the plate-fin design is the microchannel heat exchanger
design. These can offer 1 to 2 orders of magnitude size reduction from
typical (shell-tube HX) volumes, and can be half the volume of compact
(plate-fin) heat exchangers [12l. These are currently under development
under a DOE SECA project.

e Projects need to be developed for cost effective and durable high
temperature recuperators that are suitable for SOFC/GT hybrid systems.
Manufacturing processes include laser cutting, electrochemical machining,
and laser welding.
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Figure 7-9: Ceramic/metallic heat exchanger system
[3]

e  Due to the high temperatures involved in the operation of SOFC systems, a
novel ceramic/metallic hybrid heat exchanger is under development
(Figure 7-9) DOE SECA reported benefits include low cost materials,
modular manufacture, reduced temperature gradients, reduced fouling
oxidation, and lower cost. (3

° In fuel cell systems, aluminizing, which forms an electrically insulating
surface oxide, should be applied to piping to prevent a coking reaction and
chromium migration. The aluminizing coating should be developed and
applied to the extended surfaces internal to a heat exchanger.

e Mg-Al-spinel coatings are effective in preventing Cr migration from
metallic separation plates in SOFC cells.

1.7. BALANCE OF PLANT SUMMARY

The military has encouraged the use of COTS components to minimize costs in systems.
The industry has responded by making available many COTS BoP components that
conform to military standards, like pumps and blowers. However, the key challenge for
the system integrators is to ensure that packaging these components leads to a
complete system that will conform to requirements. Special mounting and packaging
requirements are needed to ensure that the final system will pass the MIL-STD tests that
have been specified. Testing for conformance at the component level can prove to be
prohibitively expensive for the system integrator. Instead, conformance to MIL-STD
requirements is typically verified when the system is developed to a TRL 5-6 level. The
system is subjected to the test protocol for each of the MIL-STD tests and the results are
recorded. Testing can be done by the contractor at a certified test facility or conducted
by the government. The results are communicated back to the system developer who
can incorporate the findings in future design iterations and further advance the maturity
of the system.

Once the systems have been qualified to conform to the performance parameters and
ruggedization requirements in the laboratory environment, they are tested in the field by
the military users. This allows the user the opportunity to operate the power system in
actual use conditions and provide feedback on such things as size, weight, and ease of
use. The system integrator can then further refine the design.
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Each stage of development and testing as described above is important and helps
progress the system towards procurement. Due to the stringent performance
requirements of most military applications, somewhat higher costs can often be
tolerated. The ultimate cost will depend on the nature of the application, the competing
incumbent technology, and the military advantage a new leading edge technology can
provide to the warfighter.

7.8. PROPOSED PROJECTS FOR BALANCE OF PLANT

7.8.1. Manufacturing of Low-Cost, High-Efficiency Heat Exchangers

At present, there is no defense industrial base for heat exchangers suitable for fuel
cells. Fuel cell manufacturers modify COTS heat exchangers or design and build
heat exchangers customized for FC systems. Component durability in the high
temperature oxidizing environment is of particular concern. In low volume
production, expensive tooling costs limit advanced forming options, and assembly is
entirely by hand and often includes time consuming braze material application or
highly skilled hand welding. This project will use system integration, application of
volume production methods, DFMA, and lean manufacturing to produce low cost
heat exchangers that use optimized materials and designs for fuel cells.

Problem Solved (Gap)
e Present heat exchanger systems are expensive and bulky and not
optimized for fuel cell design.

Benefits Derived
e  Cost optimized heat exchanger design and manufacturing process that will
significantly reduce cost while simultaneously increasing reliability and
process yield.
e  Ceramic heat exchanger cost reduction of 80%.
e  Polymer cost reduction of 40%. Savings are less due to the more mature
nature of the available polymer heat exchangers.

Resources Needed
e  Project investment of $2.0 M

Timeline to Completion
e Two years

7.8.2. Manufacturing Improvements for Liquid Flow

(A) Improvements for Liquid Metering Pumps for Sub-Kilowatt Reformer Based FC
Generators

Liquid metering pumps specifically designed for fuel cell applications are generally
not available. Few adequate pumps exist, and those that do are borrowed from
other specialized applications and industries often at high cost. The project will
reduce the cost of precision metering pumps by reducing the cost of manufacturing
associated with close tolerance gear pump designs. Specific attention will be paid
to fuel cell specific applications. The output of this project will be a pump design,
assembly procedure, and process for manufacturing high precision pumps.
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Problem Solved (Gap)
e  Few commercial off-the-shelf (COTS) metering pumps exist to meter liquid
accurately with the low pulsation critical to feeding liquid fuel to reformer
based fuel cell systems and those that do are very expensive.

Benefits Derived
. Reduce hand fitting and selection of parts by optical screening and
automated pairing of closely mated parts. Use self-aligning designs where
feasible.
e  Cost savings of 70%.

Resources Needed
e  Project investment of $800,000

Timeline to Completion
e  Oneyear

(B) Improved Liquid Flow Meters for Sub-Kilowatt Reformer Based FC Generators

Fuel cell systems operating on liquid fuels require liquid handling components to
control flows to the reformer subsystem. This project will reduce metering
subsystem costs to make a significant savings in the BoP budget. The output of this
project will be a pump/flow meter design, assembly procedure, and process for
manufacturing.

Problem Solved (Gap)
. Design for manufacture and assembly (DFMA) analysis needs to assess
true cost of fuel and oxidant delivery systems. Present systems are costly.
e Commercially available devices do not satisfy specifications for critical
parameters.

Benefits Derived
e  Savings of 70%

Resources Needed
e  Project investment of $0.9 M

Timeline to Completion
e Oneyear

7.8.3. Improved Anode Gas Delivery Devices

Choosing an inexpensive COTS pump for anode gas delivery may satisfy cost
targets, but the pump may fail prematurely or incur higher than anticipated
maintenance costs. Expensive pumps may provide the performance and life
expectancy, but quickly become the target for cost reduction.

This project will determine the best manufacturing practice to provide solutions to
the issues currently faced by fuel cell/balance of plant integrators for anode gas
delivery pumps. The resulting pump will meet selection criteria and lifetime cost will
be minimized.
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Problem Solved (Gap)

. Design for manufacture and assembly (DFMA) analysis is needed to
assess the true cost of fuel and oxidant delivery systems. Present systems
are costly.

e Not enough broad applications for pumps to justify a commercial off-the[]
shelf (COTS) version for fuel cell applications.

Benefits Derived
e Reduction of failures of balance of plant components
. Lower cost, simpler design, weight reduction, reduced failure of parts,
higher reliability, higher quality, and a strengthened supply chain
e Cost savings $44/kW to $195/kW

Resources Needed
e  Project investment of $ 800,000

Timeline to Completion
e Oneyear

7.8.4. Manufacturing Improvements for Fuel Cell Humidification Systems

In many fuel cell power generators, the humidification subsystem represents a
meaningful cost factor. Advancement of humidification manufacturing maturity and
techniques offers a path to cost reduction in both capital and operating costs for
fuel cell systems.

Problem Solved (Gap)
° Large water transport needed for performance at upper temperatures,
thus increasing size and weight
e  Water leakage plagues current designs
. DFMA analysis needed to asses true cost of fuel and oxidant delivery
systems, as present systems are costly

Benefits Derived
. Reduce rates of infant mortality, improved reliability, improved
performance, extend lifetimes, and reduce costs associated with these
humidification systems
e  Cost savings of $380/kW

Resources Needed
e  Project investment of $ 800,000

Timeline to Completion
e  Oneyear

7.85. Specification Analysis for Fuel Cell Power Systems

This project will develop a set of standards for fielding and installing fuel cell
systems in commercial and military installations and missions. The project will
provide guidelines for matching specifications to applications, and will reduce the
over design and over specification issues that add cost to fuel cell systems. Further
costs reductions will be based on environmental requirements (MIL-STD-810),
electrical, and other alighments of requirements.
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Problem Solved (Gap)
. Need integration of environmental and electrical requirements into system
designs

Project Description
e Align specifications for military equipment to existing technology
requirements, such as JP 8 generator sets
. Further decrease costs based on environmental requirements (MIL-STD[]
810), electrical, and other alignments of requirements

Benefits Derived
e  Lower cost, better fit solutions for fuel cells power systems
. Provide guidelines for matching specifications to applications, and reduce
the over design and over specification issues that currently plague fuel cell
systems

Resources Needed
e  Project investment of $0.7 M for sub kW
e  Project investment of $1.1 M for 5 kW
e  Project investment of $1.8 M for 10 kW
e  Project investment of $1.8 M for 100 kW

Timeline to Completion
e Oneyear

7.8.6. Manufacturing Improvements for Cathode Air Delivery System Pump
Blower

This project will perform a comprehensive DFMA so features that add value and
simplify the system build can be achieved without the high cost of modifying a COTS
scroll air blower for fuel cell applications. By designing features into the blower, the
extensive labor for hand fit-up and rework modifications to COTS is not required.

Problem Solved (Gap)

e Limited commercial availability for fuel cell suitable version - unique
requirements depending upon size (noise, weight, volume, efficiency, heat,
size, lifetime, leakage, reliability, pulsation)

e Cost (efficiency, reliability and quality trade off required)

Close tolerances, gap clearance (cost to get clearance in smaller units -
the cost of near net forming)

e Lack of integration of pumping and metering
Pulseless flow requirement limits selection

e High speed balancing required

Benefits Derived

e A 50% reduction in the current unit manufacturing cost

e Anincrease in compressor electrical efficiency of 2 % to 4 %

e Simplification of the BoP by elimination of an additional system
component (the flow meter) and its attendant positive impact on durability

e Anincrease in system efficiency

e  Areduction in system weight /volume

e An overall increase in BoP quality control
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Resources Needed
e  Project investment of $1.1 M

Timeline to Completion
e  Oneyear
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Fuel Processing

8.1. REFORMER

Reformers are part of the balance of plant but discussed separately due to the emphasis
placed on reforming military logistics fuels. Reformers are catalytic reactors designed to
react hydrocarbon fuels with steam and/or air. The process produces a reformate
stream containing the desired hydrogen, along with methane, carbon dioxide, carbon
monoxide and hydrogen sulfide (if sulfur is present). In addition, nitrogen (from air) and
excess steam is present. To maximize hydrogen production and make the reformate
suitable for the fuel cell, the reformate gas requires further processing to increase
hydrogen yield, completely remove sulfur, and reduce the level of CO to less than
0.1 ppm. In some cases, gas separation technology is used to purify the hydrogen or
remove the CO2.

Current Best Practices

There are a variety of reforming technologies available for methane and light
hydrocarbon fuels. It is more difficult to reform the heavier hydrocarbons preferred by
the military. Autothermal reforming (ATR) using steam, air, and fuel, is the most
compact method of hydrogen creation from hydrocarbon fuels. It is useful for systems
requiring high power density and it provides good efficiency if not operated at high
pressure (~2 atmospheres), since air compression reduces net power delivered.
Autothermal reformers are at TRL-7 and MRL